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Abstract 
Geotextile Filter Treatment of Combined Sewer Discharges 
Roger Joseph Marino 
Joseph P. Martin, Ph.D. 
 
 
This project investigated the use of geotextile filters to remove organic particles from 
combined sewer overflows. This addressed the need for a compact end-of-pipe treatment 
system that could be retrofitted at an existing outfall or regulation chamber. The premise 
was that nonwoven geotextiles with complex pore structures and interior porosity could 
serve cake, medium and depth filter functions to capture light, suspended and colloidal 
particles of varying size distributions. To provide a large filter surface contact area and 
avoid high head losses, the filters were arranged in a sinuous pattern in a containment 
vessel. The applicability of the manufacturer’s material properties developed for soil 
filters was investigated using an inert analog for degradable sanitary solids, i.e. 
granulated anthracite. Three sizes (areal densities) of the same manufacturing process for 
staple fiber nonwoven needle-punched geotextiles were investigated to determine the 
relative importance of the common indices of AOS, permittivity, and interior porosity. 
After some disparities were noted, a large one-dimensional permittivity apparatus for use 
with low hydraulic heads was built, including features to measure particle capture 
efficiency. It was observed that much of the capture of lighter materials was by a surficial 
cake filter, such that, at the cessation of flow, much of the intercepted suspended solids 
sloughed off the filter face into a sump. A hydraulic model of the permeable baffles with 
alternating bypass channels was compiled and used to optimize dimensioning of the filter 
system geometry. Prototypes with six filter baffles using 100 quart coolers were run with 
                                                                                                                                          xiv
                                                                                                                                               
 
both the anthracite and combined sewage or dry weather flow from a nearby treatment 
plant. The ability of the baffles to filter out the degradable particles was higher than for 
the hard-surfaced anthracite granules, due to the adsorptive or cohesive behavior of the 
former. It is estimated that a filter array of 20 geotextile baffles will have the potential to 
remove over 75% of the suspended material in the waste stream. 
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Chapter 1. Combined Sewer Overflows and Urban Stream Impacts 
  
1.1 History and Characteristics of Combined Sewers 
 
Combined sewers (CS) collect and convey urban runoff and sanitary wastewater from a 
catchment area in the same pipe system, as shown on Figure 1.1. While separate systems 
to convey sewage and runoff are now standard, combined systems were the solution to 
urban drainage and health problems in downtown and dense residential areas in the era 
before sewage treatment.  Hence, they are often the primary drainage infrastructure in 
older parts of nearly 1000 cities in the Northeast, Mid-Atlantic, Great Lakes and Pacific 
Northwest, as shown on Figure 1.2 (US EPA). Over 40 million residents are served by 
combined sewer systems.  
 
The issue of combined sewers, or more properly, their wet-weather overflows (CSOs) 
into urban waterways, came to the fore after the 20th Century expansion in sanitary 
wastewater collection and treatment. As a result, the quality of receiving waters 
improved, especially after secondary (biological) treatment became standard with the 
Clean Water Act (PL 92-500). This multi-billion dollar effort concentrated on “point” 
discharges with known location, quantity and quality, but has not fully satisfied the 
public expectation of “fishable and swimmable” waters. Thus, in the last few decades, the 
focus shifted to “non-point” pollution discharges which are diffuse, intermittent and 
variable in quantity and quality. Cushing & Allen (2001) identified silt, nutrients and 
bacteria as the main pollutants released during wet weather non-point flows.  
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The most ubiquitous urban source is runoff carrying the “first flush” of silt, metals, oils, 
pathogens, floatables, etc. that accumulated on surfaces since the last meteorologic event 
(Bannerman et al. 1993, Pitt et al., 1995, Deletic & Orr, 2005). However, in areas with 
combined sewers, their wet weather releases (CSOs) are the leading cause of water 
quality deterioration. CSO discharge is dominated by sanitary constituents (Palmer, 1950, 
1963), especially suspended or colloidal organics and microorganisms. 
 
 
  Figure 1.1. Combined Sewer sources and typical sewer network layout 
                                     (adapted from Metcalf & Eddy) 
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Figure 1.2. National distribution of Combined Sewer Systems 
                                          (Source: EPA) 
 
 
While they are seen as an anachronism today, combined sewers were appropriate when 
first installed. The need for subsurface drainage systems to protect public health and 
support urban commerce predated both sewage treatment and excavation machinery by 
centuries. Epidemics resulted from onsite disposal of sewage and unprotected local water 
sources. Urban growth disrupted natural surface drainage patterns, but all-weather 
passability of paved streets was an economic necessity. Removing sewage and runoff by 
gravity in a subsurface conduit was the only available solution. The system of structures 
and conduits was engineered and modified to the construction and operation capabilities 
of the times.  In the 19th and early 20th century, local CS collectors were built to convey 
all drainage from a neighborhood to the nearest stream, replacing 1st order streams as stormwater 
systems do today. However, since dry weather flow (DWF) in 2nd order streams was dominated 
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by raw sewage, they, too, were often enclosed in brick arches. Neighborhood names such as 
Mill Creek or Overbrook in older cities reflect long-buried waterways. Most older cities 
are on harbors, rivers or lakes. Thus, channeling local flow in the manner just described 
typically left a few third-order tributaries coursing though the city from upland/inland 
areas to the regional waterway or waterfront. Such streams have dry-weather base flow, 
and are prone to floods, so parks were often established along their corridors. 
  
When sewage treatment became standard in the 20th century, interceptors were built 
along the tributaries and regional waterways to gather the local DWF discharge for 
conveyance to treatment, as shown on Figure 1.3. 
 
 
Figure 1.3. Combined Sewer Network 
 
 5
Most cities developed upland from a waterfront, which lends itself to centralized sewage 
treatment, especially since secondary (biological) treatment became the national standard. 
Figure 1.3 shows an upland catchment or subwatershed on a tributary, developed after 
mid 20th century. It has separate storm and sanitary lines that discharge into the stream 
and a sanitary interceptor, respectively. The next local watershed down, and those further 
downstream, have combined sewers. The interceptor also diverts the dry weather flow 
and a part of the WWF from these areas, actually reducing the street “first flush” impact 
on the tributary. However, as explained, the interceptor capacity is limited to some 
multiplier of the DWF. When its capacity is exceeded in storms, a CSO releases the 
excess to the stream. Figure 1.4 shows a junction between a collecting CS and an 
interceptor, with a regulation chamber controlling the overflow. 
 
 
Figure 1.4.  Relative hydraulic capacities of Combined (WWF) Sewer and Interceptor. 
                                                (after Metcalf & Eddy) 
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The plot on the right side of Figure 1.3 shows that as one goes downstream in wet 
weather, a larger proportion of the streamflow comes from these CSOs. The tributary 
interceptor discharges into a regional interceptor, typically along the waterfront. As it 
encounters more catchments (also former 1st or 2nd order stream drainages) more CSOs 
are needed. Considering the sequential expansion of the system as described above, it is 
evident that when the interceptors were installed, it was impractical to make them large 
enough to convey all wet-weather flow from hundreds, perhaps thousands of acres.  Even 
if this were so, a treatment plant could not handle such fluctuation in hydraulic load.  
 
Depending upon the ratio of the CSO discharge to the receiving waterway flow, Qp=stream 
/Qcso, it would  appear that, in general, the impact of a CSO is likely to be higher on 
tributaries than on the regional river, lake or harbor in terms of both dilution and water 
surface elevation.  The relative capacities of a combined sewer and the interceptor, 
Qint/Qcs, also indicates the frequency of overflows and stream impact. CSO overflow 
frequency varies from 20-30 events annually, i.e., in almost every measurable storm, 
down to only a few events annually.  A high Qint/Qcs ratio (it is 0.3 for the chamber 
shown on Figure 1.4) implies that most combined wet-weather flow, including the first 
street flush, is being diverted to treatment, and also, that the receiving water has a high 
flow to dilute the overflows when they occur. The more pressing concern is when Qint/Qcs 
is very low. Not only does most wet weather flow enter the stream, but the receiving 
stream may be at a low flow. i.e., the time of concentration of peak storm flow from 
upland areas (Figure 1.3) is longer than that of the small urbanized CS catchment area. 
However, it must be recognized that the stormwater component of CSO discharges would 
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naturally enter the tributary at or near the overflow site anyway, albeit at a lower rate and 
total flow compared to pre-development. Being in existence for up to or beyond a 
century, the urban stream morphology would have long since adapted. Hence, the issue is 
the solid constituents in the CSO discharge, not the conveying water. The interceptor is 
the diversion, not the overflow pipe.  
 
1.2 Combined Sewer Overflow Quality 
 
It would be thought that the flow released at a CSO would simply be the sanitary flow 
generated during a storm event diluted in the runoff captured in street inlets or roof 
drains. After dilution in the combined flow pipe, the overflow would be further diluted in 
the receiving water, as noted above. The assumption of highly diluted sewage has often 
not proven to be correct. CSO discharge is actually a blend of fresh sanitary wastewater, 
urban runoff, and partially decomposed sludge scoured from the pipe inverts. The origin 
of the latter will be discussed in the next section. The results from a study of CSOs at six 
US cities in the Northeast and Midwest are presented in Table 1.1 (Moffa, 1997).  
 
Table 1.1. CSO Quality in Six Cities  
 Parameter Average Range 
 COD 367 264-481 
 BOD5 115 59-222 
 TSS  370 mg/l 273-551 mg/l 
 VSS  140 109-182 
 TKN 3.8 2.6-4.9 
 Fecal coliform* 670 201-1140 
*(MPNx103 /100ml) 
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Table 1.2 (Gehm & Bregman) used data from several sources to compare combined flow and  
urban runoff: 
 
 
Table 1.2. Comparison of Combined Wastewater and Urban Runoff 
Parameter CSO Range CSO Mean Runoff Range Runoff mean  
 COD  80-1760 382 29- 1514  335 
 BOD5 10-470 71 3-90  19 
 TSS 120-2900 883 mg/l 338-14600  2166 
 TVS 40-1500 344 12-1004  302  
 SS 35-2000 622 130-11,280 1697 
 VSS 10-1280 245 0-880  145 
Settleable Solids   0-1308 229 0-7640  687 
Total Coliform*  420-5800 2800 120-3200  600 
Fecal Coliform*  240-5040 2400 40-1300  310 
* (MPNx103 /100ml) 
 
Metcalf & Eddy (2003) compared combined flow, sanitary wastewater and urban runoff: 
 
 
Table 1.3. Comparison of Combined Wastewater, Urban Runoff and Sanitary Wastewater 
Parameter CSO Runoff  Wastewater   
COD 260-480 40-73 260-900 
BOD5 60-220 8-10 120-380 
TKN 4-17     mg/l 0.4-1.0 20-75 
Phosphorus 1.2-2.8 0.7-1.7 4-12 
Fecal coliform*  100-1000 1-10 100-10,000 
*(MPNx103 /100ml 
 
 
The most obvious impact of CSOs on urban waterways is health risk in terms of released 
microorganism. The U.S. EPA standard for contact recreational use is 200 fecal 
coliforms/100 ml. Thus, overflows, with hundreds of thousands of coliforms/100 ml 
would require massive dilution in even a pure stream to allow swimming after a storm.  
Since the data cited above indicates that the runoff entering the tributary of Figure 1.3 
from upland areas would have high coliform content already, in-stream dilution will not 
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occur. Moreover, the coliform concentrations in combined wastewater are similar to 
“fresh” sewage (Table 1.3), indicating that a bioactive solution is being discharged. 
 
One standard aggregated index of organic discharge impact on stream aquatic life is the 
five-day Biochemical Oxygen Demand (BOD5). Because it indicates the potential to 
depress dissolved oxygen levels, sewage treatment and effluent standards are based on 
the BOD5). The values of combined sewage noted above are similar to the typical range 
for domestic sewage, and higher than typical urban runoff (Tables 1.2 and 1.3, and 
Marsalek et al.1993). This implies that another source of biodegradable material is 
mobilized in storms besides “fresh” sewage and street scour. Total suspended solids 
(TSS) is the other aggregated index governing sewage treatment. The CSO 
concentrations listed are actually higher than either raw wastewater or runoff. Moreover, 
while TSS and BOD5 are generally of similar concentration in domestic wastewater, the 
TSS measured at CSOs is almost always much higher than the BOD5. Other anomalies 
are the high COD/BOD5 and TSS/VSS ratios compared to domestic sewage. COD 
(Chemical Oxygen Demand) represents all oxidizable content: dissolved, colloidal or 
suspended. VSS (Volatile Suspended Solids) represents the potentially biodegradable 
fraction of the TSS. If the source of the discharged solids is organics scoured from pipe 
inlets, then the high bacteria content and high COD/ BOD5 and TSS/VSS ratios indicate 
that much biodegradation has already occurred. In effect, between storms, the inverts of 
combined sewers are performing the function of longitudinal sludge digesters. 
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1.3 Origin of Problem: Deposition and Digestion 
 
The logical question is the origin of the sanitary solids mobilized from combined sewers 
in storms. Initial deposition in dry weather and scour in wet weather reflect hydraulic 
processes of suspension and scour.  
 
Local combined sewers are generally oversized for the DWF. The peak runoff rate from a 
dense neighborhood with much impervious surface and short overland flow routes to 
inlets exceeds the peak sanitary flow. Therefore, the basic logic in using a single pipe in 
the days when sewage treatment was not available was that a pipe with enough capacity 
to handle the WWF had more than enough capacity to accommodate the DWF. 
  
It was earlier noted that the CSO impact may be highest at the local tributaries.  They 
survived at the limit of land value where it was practical to completely enclose a stream, 
i.e, residential neighborhoods rather than downtown or industrial waterfronts. In one 
eastern city, five CS catchment areas at the edge of the combined sewer area are grouped 
at the lower end of an estuarine river tributary.  These former 1st order surface channel 
catchments range from 40 to 115 acres, with dense, low rise housing at population 
densities about 40 persons/acre. The DWF from each catchment is thus in the range of 
100,000-400,000 gpd. In designing a sanitary sewer, a number of considerations would 
be taken into account, including an expected diurnal fluctuation of a factor of three or 
four. The customary design standards are to convey the peak daily flow when half full, 
i.e. provide a factor of safety of 2 built onto the diurnal fluctuation.  
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The design must also maintain solids in suspension by maintaining an average minimum 
velocity of 2 ft/sec, with perhaps a low–flow minimum velocity of 1.0 ft/sec.  With a net 
capacity requirement of about 4 ft3/sec for an 80 acre catchment, 1% land slope, and 
conventional pipe materials, an 8” diameter sanitary sewer would be installed today. 
 
However, the storm drain pipes for the same area would be much larger. With the small 
lots and a high street area the runoff coefficient would be 0.75 or higher. Where the 
streets are continuously sloped to carry extreme stormflow in gutters, the standard storm 
recurrence interval was typically about 5 years. With a time of concentration/design 
storm duration of less than 30 minutes, the 5 year design intensity in Northeast cities is 
typically about 3.5 inches/hr. Using the Rational method, the peak runoff rate would be: 
Qp = ciA = 0.75 x 3.5 in/hr x 80 acres = 210 ft3/sec. 
 
For this 80 acre catchment, the peak runoff and the factored sanitary flow are in the ratio 
of 50:1. Considering the expected average sanitary flow, this ratio is 200:1 or more. The 
combined sewer pipe that can convey the WWF will be barely bottom full with sanitary 
flow in dry weather, but that’s the problem: sanitary solids can’t be maintained in 
suspension. Figure 1.5 is a hydraulic elements chart. When Q/ Qp = 1/50 = 0.02, the ratio 
depth of flow would only be 10% of the pipe diameter, but more important, the DWF 
velocity would be less than 10% of the half-full design velocity. If the pipe was designed 
for 2 fps at the latter, the DWF velocity would be about 0.2 fps, not enough to keep all 
solids in suspension (Crabtree, et al, 1991). 
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Figure 1.5. Hydraulic Elements Chart 
 
 
The result would be continuous deposition of solids, as shown on Figure 1.6 (adapted 
from Ashley and Hvitved-Jacobsen, 2003), followed by decomposition of the organic 
fraction. As noted above, the DWF depth is very low, so it is exaggerated for clarity on 
Figure 1.6. 
 
 
 13
 
Figure 1.6. Accumulation and digestion of sediments 
 
 
Hence, Pisano et al (1998) estimated that 5% to 30% of the DWF solids could be 
deposited on pipe inverts. Thus, the longer the interval of dry weather, the thicker the 
deposit. The settled materials separate into inorganic (sand) and organic layers, which 
would have aerobic, facultative and anaerobic zones, degrading VSS and other 
components of the BOD5, releasing biogases and slowly transforming the organic deposit 
to a floc of harder-to degrade material. In effect, the combined sewers act like coarse 
primary sedimentation vessels, and then sludge digesters.  
 
1.4 Mobilization of Sediments 
 
Figures 1.5 and 1.6 also illustrate that the water depth and velocity increase as more flow 
enters the combined sewers from storm events. As the pipe becomes more “efficient”, 
i.e., the average velocity as the velocity gradient dv/dz increases, so does the shear force 
exerted on the invert deposits. During a storm event, re-suspension occurs if this exceeds 
τyield, the yield stress of the aggregated solid.  
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 The expression for shearing stress (τ )  is 
 τ =  τ yield + η dv/dz, 
Where: η = plastic viscosity. As noted by Weiner, the τyield varies with the concentration 
and age of sludge, as does the viscosity. Hence, it is difficult to predict when re-
suspension occurs. The flow in the combined sewer can convey high concentrations of 
suspended solids, turbidity and bacteria derived from the sediment, and discharge this to 
either the interceptor or into a waterway at a CSO, hence the high TSS. However, the 
potential for depleting receiving stream oxygen was somewhat reduced by biodegradation 
of the sediments between storm events.  
 
Runoff flowing through the pipe not only mobilizes organic material, but abrasive 
particles washed off streets or scoured from the invert.  The roiling and grinding in the 
turbulent pipe flow causes further disaggregation of the organic floc. Figures 1.7a and 
1.7b show that even the type of storm has an effect.  A long duration frontal storm may 
deliver a significant amount of rainfall and total runoff, but the peak flow rate may not 
produce sufficient depth of flow and shear gradient in the pipe to dislodge well digested 
sediments. In contrast, a short intense cloudburst that nearly fills the pipe may cause 
complete scouring of the invert. 
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Figure 1.7a. Storms of equivalent rainfall, different duration/ intensity 
 
 
Figure 1.7b. Effect of rainfall intensity on peak flow 
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Figures 1.8a-1.8g illustrate the process of scour and grinding as well, such that it is 
difficult to predict the particle size distribution that reaches the interceptor or the CSO. 
 
 
Figure 1.8a. Dry Weather Flow conditions 
 
 
 
 Figure 1.8b. Development of shear stresses (WWF) 
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Figure 1.8c. Shearing of floc 
 
 
 
Figure 1.8d. Mobilization of sheared floc 
 
 
 
Figure 1.8e. Disaggregation/ disbursement phase 
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Figure 1.8f. Final discharge of comminuted effluent 
 
1.5 Goals, Stormwater Capture and Conventional Solutions 
 
In 1989, the U.S.EPA instituted a policy of “Nine Minimum Controls” to modify and/or 
operate combined sewer systems.  The standard ultimate goal was to operate the system 
to result in either a maximum overflow frequency of 4 to 6 events annually, or treat 85% 
of the annual flow at a central plant. The apparent solution would be to reconstruct a 
drainage system as separate sanitary and storm sewers. This requires land, capital 
investment, and the implementation of maintenance programs. Other options include the 
upgrade of existing treatment plants to provide treatment capabilities for the total volume 
of combined sewer flow that is currently being treated, plus the flow that is currently in 
excess of the plant’s capacity, and is allowed to bypass the treatment plant at times of 
peak flow. Estimates of the cost of sewer separation and/or volumetric control range up 
to $21 billion (EPA, 2000). 
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It is noted that the separation of sanitary and storm sewer does not solve the problem of 
the first flush of stormwater impacting the receiving stream.   
 
As noted earlier, however, the interceptors that divert DWF from combined sewers also 
have capability to convey runoff from light storms to treatment. It can be said that 
combined sewers actually convey the dirtiest runoff to treatment routinely, as shown on 
Figure 1.9, limiting their impacts to the more severe storms, especially as the ratio 
Qint/Qcs increases. This also assists in reaching the EPA goals of reducing overflow 
incidents and increasing the total proportion of annual flow treated. However, the 
capacity of interceptors cannot be increased if the treatment capacity at central plants is 
overwhelmed. Hence, the most common solution is off-line storage as shown on Figures 
1.1 and 1.3, with the excess flow stored until after the storm event, and then re-released 
into the regional interceptors. Another solution is to temporarily use the in-line storage 
capacity of gently sloped, large diameter pipes located in the lower sections of the sewer 
network. The variation in rainfall intensity and resulting runoff rate in large catchment 
areas is monitored, and gates, weirs, inflatable dams, and other devices detain and route 
the flow.   
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Figure 1.9. Storm event scenario with any or all of first flush conveyed by interceptor 
 
However, off-line storage is by necessity underground, is not often topographically or 
geographically available in the tributary areas shown on Figure 1.3, and the pipe sizes for 
individual catchments are relatively small. Hence, the only feasible solution at such upland 
tributary sites, where the actual CSO impacts may be most severe, may be an end-of-pipe (EOP) 
treatment, as shown on Figure 1.10. Presently, EOP facilities are used to: 1. Add chlorine to 
the overflow as a disinfectant; and 2. Screen large floatables (particles in excess of ¼” 
diameter). The swirl or vortex separators in common use for stormwater treatment are 
oriented mostly to removing high density soil particles. 
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Figure 1.10. Proposed end-of-pipe (EOP) treatment 
 
 
However, it has been shown that the key issue is the microorganisms, which attach to 
suspended and colloidal particles. This would imply a filtration solution is required, but it 
is difficult to predict the particle size distribution. Figure 8g shows a condition where the 
hydraulic condition in the combined sewer disaggregated the floc sufficient to reduce the 
digested material to a colloidal suspension/solution. Hence a filter capable of intercepting 
a wide range of light (low specific gravity), irregularly shaped particles is required. 
  
1.6 Impacts of Combined Sewer Overflows 
 
All CSOs do not have the same impact on receiving waters. The Association of 
Metropolitan Sewerage Agencies estimated 15,000 individual outfalls in operation 
(1988). As illustrated on Figure 1.3, some are located on the main waterway along which 
the city or town was established, and some are located on tributaries where the urban 
areas grew inland. The overflow sites vary in characteristics, such as: discharge rate and 
frequency; topographic and hydrologic setting; and receiving water ecological sensitivity. 
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Most urban streams have long since adapted to higher annual flows, and many cities 
drain to rivers, lakes or oceans that are not susceptible to physical impact from local 
runoff.  However, the “first flush” of pollutants from street surfaces has received more 
attention since treatment of sanitary wastewater before discharge at “point sources” has 
become routine. Urban runoff is now usually the major “non-point”.  
 
Figures 1.4 and 1.9 illustrate a hydrograph of an event at a junction or regulating chamber 
where the interceptor capacity is well above the DWF, but the combined sewer WWF 
peak for the event is above capacity of the interceptor. Nevertheless, as previously stated, 
the interceptor has sufficient capacity (1/3 that of the CS)  to divert much of the runoff, 
and probably all of the first street flush to treatment. This is not the case when the 
interceptor is sized only for the customary twice the peak DWF. 
 
The dissolved oxygen, temperature, turbidity, pH and dissolved inorganics in a stream 
influence the type and density of the native biotic population (physical habitat and flow 
variations are also important as well). CSO quality differs from the receiving stream to 
some extent with respect to all of these parameters. A major impact from the influx of 
biodegradable organics and microorganisms is the disturbance of native aquatic 
organisms, as shown on Figure 1.11. The next most disruptive constituent may be the 
turbidity. The heterogeneous blend of suspended, colloidal and dissolved particles not 
only has aesthetic effects, but can also reduce light penetration to aquatic vegetation and 
benthic (bottom dwelling) organisms, and possibly, block fish gills. Since the discharged 
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microorganisms are already acclimated to the introduced food source, they could out-
compete native populations. This explains the increased total population but decreased 
diversity shown on Figure 1.11.  
 
 
 
Figure 1.11. Effluent discharge effects on organism diversity and density 
     (Weiner & Matthews, 2003) 
 
 
The most severe impacts of CSO constituents would be expected at small streams. Not 
only is there less dilution and assimilation available than with discharge into a river or 
harbor, but the aquatic habitat is often more fragile. Moreover, urban streams also have 
special aesthetic, psychological, and recreational value as they often flow through parks 
seen by the public as accessible natural environment.  
  
1.7 Solution 
  
The limited number of options for managing wet weather flow, as outlined above (off-
line storage, separation of storm and sanitary sewers, and hydraulic control and 
temporary storage within the pipe networks) suggests that there is a need for less 
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disruptive, in-place treatment at the point of discharge. Therefore, the implementation of 
a retrofitted End-of-Pipe (EOP) treatment such as the one under study (shown on Figure 
1.10 as “Geotextile Baffled System”) may be appropriate. As implied by Figures 1.1, 1.3, 
& 1.4, and the history described above, the interceptor, not the overflow, is the “relief”. It 
diverts DWF to sophisticated central treatment when the capability of the receiving water 
to absorb effluent BOD5 is most limited, i.e. dry weather and slow velocity.  If there are a 
more limited number of concerns at a CSO, and treatment is targeted to them, EOP 
retrofits are worth considering. 
 
1.8 Focus of EOP Treatment 
 
Korkut (2003) showed the feasibility of using geotextile filters to treat sanitary 
wastewater by inoculating a filter with organic biomass in near quiescient conditions. The 
biomass grew toward the surfaces of the filter, and provided biological treatment of the 
effluent as it passed through the filter.  This filtration potential (physical capture alone, 
without the biological treatment component) can be useful for the removal of suspended 
and colloidal constituents in a waste stream. Since turbidity and suspended solids have 
been identified as having a deleterious effect on aquatic life (as noted above), their 
removal is beneficial. Additionally, pathogens use these constituents as transport 
vehicles, and therefore, their removal would have an impact on the reduction of the 
pathogenic population in the receiving waterway. 
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1.9 Scope of Dissertation 
 
The effects of combined sewer overflow discharge effluent have been characterized 
above. The focus of the dissertation is to reduce the impact of CSOs by reducing the 
concentration of suspended and colloidal solids from the waste stream prior to entering 
the receiving waterway through the use of geotextile filters. This will be accomplished 
through the following tasks: 1. Selection of the appropriate type of geotextile for the 
application – using three off-the-shelf manufactured products; 2. Provide an assessment 
of manufacturer’s reported values for significant performance parameters of all three 
candidate geotextiles; 3. Characterization of geotextile materials in relation to fiber 
distribution, and its effect upon the performance of the geotextile; 4. Construction of a 
hydraulic testing apparatus that will evaluate the actual performance of each candidate 
material, versus the manufacturer’s reported data; 5. Determination of a procedure for 
replicable testing using an inert analog for wastewater; 6. Determination of the geometric 
parameters of the filter array  and  performance of a hydraulic spreadsheet analysis for 
correlation with  laboratory results; 7. Performance of pilot plant testing of the filtration 
system using both wastewater, and the wastewater analog; 8. Provide a conclusion 
presenting the best performing geotextile candidate; the feasibility of using the geotextile 
for the intended application; and recommendations for optimizing the performance of the 
geotextile; 9. Provide an assessment outlining “future needs for research” to further 
optimize the performance of the filtration system.  
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Chapter 2. Geotextiles as Solution 
 
2.1 Geotextile Background 
 
Geotextiles are manufactured from polypropylene (PP) or polyester (PET) resin in a 
variety of fabrications: 
- woven monofilament 
- woven multifilament  
- woven slit-film monofilament 
- woven slit-film multifilament 
- nonwoven continuous filament heat-bonded,  
- nonwoven continuous filament needle-punched 
- nonwoven staple needle-punched,  
- nonwoven resin-bonded,  
- other woven and nonwoven combinations 
  
They serve separation, reinforcement, filtration, drainage and containment functions in 
infrastructure projects (Koerner, R.M., 1994). Soil filter design illustrates the sequence of 
analysis and product specification, and also the starting point for this research. The 
practice of using geotextiles in place of soil filters developed in the 1970’s and 1980’s. 
Soil filters are a separation layer to protect the physical integrity of the soil mass being 
drained (upstream) and the hydraulic integrity of the drain removing water from the area 
(downstream). The intent is to maintain adequate seepage from the soil mass while 
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preventing particle mobilization from within it. Unlike conventional filters that 
eventually clog and are replaced, a geotextile filter must not only remain permeable, but 
must keep particles in their original location. This filter retention criterion is satisfied first 
by selecting an appropriate apparent opening size (AOS) based on the soil gradation. The 
hydraulic function is then satisfied by selecting a filter with a permeability or permittivity 
providing the required hydraulic capacity.  
 
This use reflects the usual focus in designing a geotextile filter as managing a trade off 
between assuring permeability, also expressed in terms of permittivity, and soil retention. 
The key material property for the latter concern has been found to be the apparent 
opening size (AOS). A designer selects from the available products for those having the 
desired engineering properties.  
 
However, geotextile filters are the most closely related standard application to removal of 
solids in a waste stream during permeation of effluent across the plane of the geotextile. 
Clean water permeability is the logical baseline for investigating clogging effects. It 
would also appear that there is some correlation between retaining soil particles and 
arresting movement of suspended solids without blocking the entrances to pore channels. 
What must be considered is the need for the reestablishment of permittivity between wet 
weather events in order to assure filter sustainability. 
  
The use of geotextiles as filter media to intercept wet weather flow containing suspended 
and colloidal solids prior to discharge into a receiving waterway has not been addressed 
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to the author’s knowledge. The major unknowns are the geotextile characteristics that 
influence filtration efficiency, especially in the interior of the fabric.  Optimization of 
filtration may involve the AOS, the porosity (related to another index, fabric density), the 
pore size distribution (PSD) and the tortuosity of channels through the fabric.  
 
2.2 Geotextile Types  
  
Synthetic fibers are the basic elements of a geotextile, described by composition 
(polypropylene -PP, polyethylene -PE or polyester -PET), thickness (denier) and length 
(continuous filaments or short staples). The manufactured product is classified by the 
fabrication method, with the basic division being woven or nonwoven. 
 
Woven geotextiles are composed of two sets of yarns systematically interfaced to form a 
planar structure. The result is a pattern of fully penetrating, uniformly sized parallel 
channels that are isolated from each other, as shown on Figure 2.1. While the weave 
tightness can be varied to adjust pore size and unit fiber surface area per, the thickness of 
the product and the pore size are dominated by the thickness of the fibers used. Having 
distinct channels passing through the geotextile thickness would appear to assure 
permeability, but there is a risk of complete blockage by particles of a corresponding or 
larger size. This is remedied by selecting the proper AOS for a soil filter application. 
However, blockage by a coating of suspended organic particles on the relatively smooth 
surface of a woven geotextile would be a major concern in a wastewater treatment 
application. Additionally, the lack of interior pore structure (and hence, lack of internal 
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volume) precludes the use of the material for capture and storage applications. Therefore, 
the only available mechanism for filtration with the woven geotextile is “cake filtration”. 
 
 
 
Figure 2.1 Scanning Electron Microscope image of a woven geotextile 
 
 
Nonwoven geotextiles are formed by fibers applied in a random pattern into a planar 
structure. There are two basic types: heat set filament (spun bonded), and needle 
punched. The latter is subdivided into continuous filament (long fibers) or staple (short 
fibers). The thickness of heat set geotextiles can be varied by laying down more filament 
layers, which also gives more fiber surface area in contact with the flow. However, heat 
set geotextiles are inherently low in AOS, and susceptible to clogging by suspended 
solids. The needle punched process allows more flexibility in both fiber density and unit 
fiber surface area, both of which can be adjusted independently of the thickness of the 
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fibers used. Needle punched fabrication can vary indices that may affect filtration 
treatment such as pore size, permittivity, channel continuity and internal attachment 
surface area. Figures 2.2 and 2.3 show SEM images of a continuous filament nonwoven 
needle punched structure, having a reported AOS of 0.212 mm (U.S. standard sieve size 
#70), and a permittivity of 2.1 sec-1. Finally, the surface texture of needle punched 
geotextiles can be more readily modified than either woven or heat set geotextiles. This 
may allow interception of suspended solids as a filter cake away from the main body of 
the geotextiles. This would produce a synergistic relationship with transmissivity, the 
capability of conveying flow in the plane of the fabric, which could redistribute flow 
around blocked surface openings and through the fabric. 
 
 
 
Figure 2.2 Scanning Electron Microscope image of a nonwoven geotextile 
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Figure 2.3 Scanning Electron Microscope image of nonwoven interior 
 
 
2.3 Filter Functions, Modes and Types 
 
The uses of geotextiles are so varied that it is necessary to focus the discussion to their 
use relevant to this study, soil filters to allow water passage while preventing solid 
convection, which is actually an effluent quality standard: low turbidity. However, rather 
than assume that the solution to the wastewater treatment problem is a direct extension of 
soil filters, it is wise to review filter practice across engineering disciplines. Even limiting 
discussion to cases where fluids permeate a thin, permeable physical unit still 
encompasses dozens of applications. Filtration is defined as a process where suspended 
or dissolved solids are separated from a fluid (water, air, wastewater) as it flows through 
a porous media. The goal is not only a set level of solids removal, but also minimal 
energy (head) loss. Filter design is based on parameters such as its channel morphology, 
the size and shape distribution and concentration of suspended solids or dissolved solids, 
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and fluid properties such as viscosity and density. Another important factor when 
designing a filter is the source of the driving force, which may be gravity, suction or 
positive pressure. 
  
Schedegger (1957) divided the filtration processes into three classes: 
- medium filtration 
- depth filtration 
- cake filtration.  
 
In medium filtration, particles which are larger than the holes in the filter are retained, 
generally at the surface openings or shortly inside the upgradient face of the unit. The 
filter behaves like a sieve. Failure, defined as excessive head loss to provide the desired 
fluid flow, tends to occur by surface blinding or blockage. In depth filtration, particles 
smaller than the filter pores are retained within the filter due to impact on or attraction to 
the walls of the pore channels. Pore channel tortuosity and pore size distribution both 
have a major impact on depth filtration due to the influence of inertial forces within the 
channels, as well as the restrictive nature of a portion of the non-uniform pores. These 
mechanisms may eventually result in excessive internal clogging of the filter pore 
channels. Depth filtration also applies to biochemical reactions that remove solutes by 
sorption, electrostatic attraction, etc. In cake filtration, the solids accumulate on or in 
front of the surface of the filter, to a large extent within the solids of interest that were 
retained near the face of the filter. 
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Soil and geotextile filters are intended to be a variation of cake filtration in that it is 
desired to keep soil particles in their original position, i.e., minimize mobilization into the 
“influent” in the first place. The filter is specified to be more permeable than the 
upgradient soil to allow minimization of head loss across the composite filter cake-
geotextile filter, as indicated by the gradient ratio test.   
 
The present case, geotextile filters for wastewater treatment, will utilize a combination of 
the filtration modes, with the emphasis being placed on cake filtration, and an additional 
benefit realized for medium and depth filtration.  Two types of solids are conveyed in the 
influent: suspended and colloidal. The filter must physically intercept all of the former 
and a portion of the latter.  
 
With the usual filter purpose being solids removal, the question arises as to the fate of the 
materials removed from the flow. Basic filter classifications are sacrificial, cleanable or 
self-regulating. In sacrificial filters, either the suspended particles are captured and 
accumulate in the filter pores (e.g., air filters), or the dissolved materials are sorbed or 
exchanged on surfaces within the filter up to a capacity limit (e.g. carbon filters or water 
softeners).  When the filter becomes clogged, as indicated by excessive head loss or 
decreased flow rate, or becomes depleted, as indicated by minimal decrease in solute 
concentrations between influent and effluent, the filter is replaced. It may be recycled, but 
removed from the system nonetheless, implying a need for accessibility to the area where 
the filter resides. In cleanable filters, solids are similarly entrapped or sorbed, but the 
filter unit stays in place while a mechanical, hydraulic or chemical process removes 
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entrained materials. Baghouse air filters at power plants are shaken to release fly ash, 
potable water treatment filters are backwashed, and chemical filters are regenerated by an 
acid or solvent wash.   
 
However, providing access for replacement or other service is impossible in most 
infrastructure applications. Embedded soil filters must be self-sustaining with varying 
flow rates for an indefinite period with no maintenance. Consequently, it is expected that 
the local particle movements that establish the filter cake occur quickly, and remain 
stable thereafter.  Similarly, it is desired that geotextile filters for wet weather flow 
treatment be self sustaining (or at least have an extended life cycle), although occasional 
service is not difficult as with highway edge drains or leachate collection systems. The 
geographic areas where the geotextile waste water filtration systems would be installed 
would generally be accessible to maintenance crews for inspection and replacement when 
needed. In the geotextile filters, there would be an initial capture of suspended solids that 
reduces only the permeability function to an acceptable level.  
 
Although Korkut (2003) identified a biological component to filtration through 
mineralization of suspended and dissolved organic materials from the formation of an 
internal biomass within the filter, this dissertation is focused on the filtration of solids 
only. Any additional treatment of the wastewater substrate by biological processes would 
be considered an additional benefit to the capture and removal of these organic 
constituents from the waste stream. To the extent that mineralization does not occur, the 
goal is continued seepage convection of dissolved materials only. The geotextile filter 
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would have the same goal as almost any other filter: to prevent the downstream transport 
of suspended solids. The accumulation of partly decomposed and non-biodegradable 
byproducts must not further affect hydraulic capacity, or else do so slowly such that 
maintenance at extended intervals can be done economically. Reestablishment of filter 
permittivity between storm events will be addressed in Chapter 4, as the sloughing 
function will be described. In any practical application, the critical parameter in 
wastewater treatment filters is the hydraulic loading rate. It determines the required filter 
“footprint”, which is the main cost and physical constraint. In soil filters for edge drains, 
seeping cut slopes, and landfill leachate collection systems, the filter “footprint” is a 
given: the question is whether the permeability is sufficient to convey the incident 
seepage without surcharge pressure.  
 
AOS (apparent opening size) is the basic indicator of the pore size of a geotextile. The 
AOS test involves dry sieving of glass beads and ASTM D 4751 describes the standard 
methodology.  The AOS actually measures the near-largest pore diameter in the interior 
channels of the geotextile that will allow pass-through. Using similar terminology as soil 
gradation, AOS is commonly expressed as O95 (based on retaining 95% of a given size 
glass bead). There are other indicator opening sizes that design methods have used such 
as O90, O98, Of or filtration opening size (FOS). When two different geotextiles (same O95 
value) are compared, the geotextiles might show different hydraulic behaviors. Bhatia et 
al. (1991) found that geotextiles with similar FOS values may experience different 
degrees of clogging and quantities of soil piping. To obtain the smaller pore sizes of a 
geotextile, the complete pore size distribution (PSD) must be measured. 
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The pore size determination methods described in the literature are: dry sieving with soil 
(Belgium and UK) or glass beads (USA, ASTM D 4751), wet sieving (The Swiss and 
German standard), hydrodynamic sieving (Canada, France and Italy), the suction method 
(Dennis and Davies, 1984), mercury intrusion porosimetry (MIP) (Elsharief, 1992, and 
Prapaharan et al., 1989), capillary liquid extrusion porosimetry (Miller and Tyomkin, 
1994), the bubble point method (Bhatia and Smith et al., 1994, and Fisher, 1994), the 
minimum bubble pressure technique (Miller et al., 1986), image analysis (Wates, 1980; 
Rollin et al., 1982; Prapaharan et al., 1989; and Elsharief, 1992). Many designers identify 
the PSD of a geotextile as being an equally important property as the grain size 
distribution of a soil (Bhatia, 1991). It was recognized in practice with the soil filters that 
geotextiles have replaced the grain size distribution, and thus, the pore size distribution of 
both the soil being filtered and the filter should be parallel. 
 
2.4 Detailed Pore Size Measurements 
  
Pore size has been used generically to represent the void space between geotextile fibers. 
However, each pore size determination method measures different parts of a void. A void 
is an opening between fibers or soil particles, and a pore channel is a continuous void 
through the geotextile or soil, in which water or conveyed material would flow across the 
layer. In soils, a channel follows a sequence of wider spaces between generally spherical 
particles, and the throats between them. As described earlier, the channels through a 
woven geotextile are also expected to have a regular internal structure, since they are 
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rectangular, and extend continuously from the face to the underside of the fabric. 
However, in nonwoven geotextiles, a very complex pore structure is envisioned, as 
conceptually illustrated in Figure 2.4 (Fisher, 1994). Therefore, a numerical description 
of pore size would mean the size of the void at any location along this channel. 
 
Figure 2.4: Pore Structure of Nonwoven Geotextile (Fisher, 1994) 
 
 
Depending on the test method, at least four different types of pore size distribution (PSD) 
characterization can be found in the literature for geotextiles (Fisher et al., 1993). These 
methods are: 
 
1. Sieving pore size distribution (SPSD) based on the probability of a particle of a certain    
diameter (i.e. glass beads) passing through a geotextile opening during certain time of 
shaking or cycles of immersion. 
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2. Theoretical pore size distribution (TPSD), consisting of geometrically determined pore 
openings based on specific properties of the geotextile.  
3. Numerical pore size distribution (NPSD), based on counting number of the pores in the 
geotextile. 
4. Volumetric pore size distribution (VPSD), based on the percentage of total pore 
volume occupied by each pore size.  
 
There are differences in these four methods. Therefore, each method would not 
necessarily provide the same PSD (Fisher et al., 1996). These methods are described 
below: 
 
Method-1, SPSD:  This uses either dry and wet or hydrodynamic sieving methods. These 
methods usually provide a single representative pore size (the largest one) not the 
complete PSD of a geotextile. One of the disadvantages of these methods is that if there 
is a constriction in the geotextile pore channel, the particle or glass bead will not pass 
through. During sieving, large particles will get trapped in small constrictions and small 
particles will pass through the large constrictions. Additionally, because the weight of the 
soil or glass beads passing through the geotextile determines the pore sizes, the larger 
particles, which weigh more, may cause fiber displacement or translation, and suggest 
that a greater number of large pores are present. Also, large trapped beads will block the 
small particles from passing. Another disadvantage of the sieving method is; if the glass 
beads or the soil were vibrated for long time or immersed repeatedly for enough cycles, 
almost all of the beads/ soil particles could pass through a single large pore in a 
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geotextile. Therefore, although this sieving method may provide a determination of the 
largest pore constriction size in the geotextile, it can not provide the geotextile PSD 
(Fisher et al., 1996). 
 
Method-2, TPSD: The pore size distribution is determined by using a mathematical 
model based on an idea of mass per unit area and thickness of the geotextile, as well as 
the density and the diameter of the fibers (Fisher et al., 1996). 
 
Method-3, NPSD:  Numerical pore size determination is not commonly used in 
geotechnical designs today because these two methods (image analysis and minimum 
bubble pressure technique) are expensive, difficult, and have some disadvantages (Fisher 
1994). These methods are also not very useful when designing geotextiles for drainage 
purposes because they don’t provide the porosity and shape of the pore channel. They 
only measure a pore size at a particular location within the pore channel (Fisher et al., 
1996). 
 
Method-4, VPSD: These methods are used to determine the pore sizes of geotextiles that 
make the most contribution to measuring the free volume within the geotextile (Miller 
and Tyomkin, 1986), but do not indicate the number of the pores and the pore 
constrictions. The extrusion and intrusion methods are similar in this type of volumetric 
distribution. The suction method and the liquid extrusion porosimetry, however, are 
different from mercury intrusion porosimetry (MIP). The suction method measures the 
pore volume at specific limiting sizes for one-way flow through the geotextile. 
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In the MIP method, mercury is intruded into the geotextile from all sides, and all free 
volume is measured. However, this is not necessarily the volume available for flow or 
storage. By measuring the voids, the true porosity is obtained. However, the true porosity 
includes volume-related pore space that does not influence filtration behavior. The 
extrusion test provides a modified porosity because of the one-way flow of the liquid out 
of the geotextile during the test. The porosity measured by this method will be more 
representative because it includes only those voids associated with flow through the 
geotextile as shown on Figure 2.5.  
 
 
 
Figure 2.5: Probable PSD in a Pore Channel as Measured by MIP, Liquid Extrusion 
Porosimetry and the Suction Method (Fisher, 1994) 
 
 
In addition to those methods noted by Fisher, recent research in the characterization of 
pore size distribution was performed on the constriction size of geotextile pore channels 
(Aydilek, et al, 2005). Because constriction size is directly related to the allowable 
particle size passing through a pore channel, this work is relevant. Aydilek impregnated a 
geotextile filter with an epoxy, then took slices through the fabric (much like a Magnetic 
Resonance Imaging sequence), and characterized each slice in series. The constriction 
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sizes measured (named CONS) C95 were found to be consistently lower than 
manufacturers’ reported apparent opening sizes. 
 
2.5 Selection of Geotextile PSD for Filtration Design 
 
The MIP method provides the best representative PSD because of its multidirectional 
intrusion procedure, and the bubble point method should provide the smallest PSD 
because it measures constriction size, as illustrated in Figure 2.6. 
 
 
 
Figure 2.6: PSDs for Various Testing Methods (after Bhatia and Smith, 1994) 
 
 
However, sieving tests are the only test currently accepted by designers. As mentioned 
earlier, the sieving methods do not represent the complete geotextile pore structure. 
Similarly, a TPSD is not recommended for design because pore sizes are determined 
from such parameters that are not easy to measure like fiber diameter and fiber density. 
The TPS method is useful only for comparison and analysis purposes. The NPSD pore 
size method is useful for probabilistic and theoretical purposes, where the number of the 
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pore channels needs to be known. However, this method will not provide information on 
the flow capacity of the geotextile (Fisher et al., 1996). 
 
It might seem that VPSD is the best method, because weight is directly related to volume. 
This method might also be a better indication of the flow in the geotextile, because VPSD 
determines the pore diameters that contribute the most pore volume. It may be these 
pores that govern the filtration behavior, especially regarding the drainage function. One 
should consider the interconnections between the pores, especially in nonwoven 
geotextiles, and the ability of soil and water to flow out of one pore channel into another 
if the former channels become clogged. NPSD can not take this issue into consideration. 
As seen in Figure 2.7, the VPSD measured by MIP is not significant terms of filtration 
behavior because it assigns too much volume to the larger pores. The maximum pore size 
measured is four times larger than the constriction size. This is not a reliable index 
because during filtration a soil particle might encounter the constriction first and never 
pass through the geotextile. So constriction size governs whether the soil particle passes 
through or is retained in the geotextile (Fisher et al., 1996).  
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Figure 2.7: Illustration of Probable PSDs from Various VPSD Testing Methods  
(after Fisher,1994) 
 
 
Recently, the bubble point method has been used to determine the pore size of geotextiles 
(Bhatia and Smith, 1994; and Fisher, 1994). This method is a current ASTM test (F 316) 
and is used for membrane filters, however, it has not been standardized for geotextiles. 
The flow rate of gas (instead of liquid) is measured in this test. The flow rate of gas is 
measured through a dry geotextile over a range of pressures. Next, this same geotextile is 
saturated with a non-wetting liquid and the process is repeated. As the pressure is 
increased, fluid is forced from the initially saturated geotextile, beginning with the largest 
pores first. As more liquid is extracted, the flow rate of gas increases, becoming closer to 
that measured with the dry geotextile under the same pressures. To calculate the percent 
pore area of a particular size, the flow rate through the wet geotextile is divided by the 
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flow rate through the dry geotextile at the same pressure. Finally, the pressure is related 
to the pore size (Bhatia and Smith, 1994; Fisher, 1994). 
 
The bubble point method is probably the best PSD to represent the filtration behavior of 
geotextiles, because it is the size of the pore constriction that determines whether a soil 
particle or suspended organic floc will pass (de Mello, 1977; Wates, 1980; and Kenny et 
al., 1985). Only the bubble point method can measure a complete, true pore constriction 
size distribution. For these reasons, the bubble point method is recommended for 
geotextile pore structure characterization (see Figure 2.8). 
 
 
Figure 2.8: Typical PSDs Obtained from Bubble Point Tests (after Fisher, 1994) 
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In conclusion, several methods are available to determine the pore sizes of geotextiles. It 
is agreed by most designers that the PSD of a geotextile is a unique property of that 
geotextile, similar to the grain size distribution of a soil. Therefore, the bubble point test 
method is considered advantageous because it can be performed quickly and efficiently, 
the results are replicable, and they provide an accurate estimate of geotextile permeability 
(Fisher et al., 1996).  
 
2.6 Hydraulic Performance of Geotextiles  
  
One of the main issues in using geotextiles is their performance once in contact with soil. 
Apparent opening size, hydraulic conductivity, and soil diameter are very important 
criteria in the selection of geotextiles. Geotextiles with very fine openings may 
experience clogging of the geotextile openings or active soil pores causing cake 
formation (Figure 2.9).  
 
The permeability of the filter should be higher than the permeability of the upstream soil. 
On the other hand, the filter voids should be small enough to retain the upstream soil 
materials. However, it should be taken into account that the fine particles might get into 
the filter voids and result in excessive clogging of the filter with time and hence a large 
reduction in permeability (Wilson-Fahmy, Koerner and Koerner, 1996). 
 
The cake filtration behavior is beneficial for the combined sewer overflow filtration 
application in that - although the cake filtration aggregation limit versus permittivity 
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function may be considered a delicate balance, removal of the cake between 
meteorological events can occur, which would reestablish the permittivity of the 
geotextile for the next storm event. 
 
 
 
Figure 2.9: Blocking and Clogging Mechanisms in Geotextiles  
a) Blocking Mechanism. b) Clogging Mechanism. (Mylnarek et al., 1990) 
 
 
Clogging sites within the geotextile structure can be classified as cavern or funnel types 
(Rollins et al., 1977). The clogging level depends on the quantity of the clogging sites 
and the quantity of the fines carried into the fabric (Chang et al., 1996). As long as the 
geotextile pore channels that extend to the face of the filter are not fully occupied, and the 
filter can function at the required permittivity, clogging will not become an issue.  
 
As with natural soil filters, geotextiles allow seepage perpendicular to the plane of the 
fabric. Geotextiles must have adequate permeability as well as soil retention. Fluid 
movement through geotextiles is defined by the term “permittivity”. In geosynthetic 
engineering permittivity is used as the index of hydraulic conductivity instead of 
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permeability. Therefore, the term “geotextile thickness” is eliminated by dividing the 
permeability of the fabric by the thickness of the fabric. Permittivity, therefore, is defined 
as follows (eq-1); 
 
Ψ = k/t       (1) 
where; 
Ψ = permittivity, sec-1
k = permeability, cm/sec 
t = geotextile thickness, cm 
 
There is an upper limit for the apparent opening size of nonwoven geotextiles and the 
percent open area of woven geotextiles. If the open area of the filter is larger than it is 
supposed to be, then excessive soil particles pass through the geotextile. This 
phenomenon is called “soil piping”.  However, as previously stated, there appears to be a 
balance requirement between sustained permittivity and apparent opening size in order to 
optimize the filtration potential of the geotextile. 
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Chapter 3. Variability of Geotextile Properties 
 
3.1 Geotextile Applications 
 
The properties of geotextiles used for soil filter design are: apparent opening size (AOS - 
which dictates particle size capture), porosity (storage available within the matrix of the 
fabric), and permittivity (which is a function of pore channel distribution and size, and 
controls the hydraulic conductivity of the fabric). The detailed pore size distribution is 
important, but it is not routinely reported by manufacturers. There are two types of 
geotextiles available – woven, and nonwoven. Their primary filter/ separation 
applications in the geotechnical fields are: 
• The prevention of offsite impacts of construction site erosion through transported 
silt and sediment capture. 
• Subsurface drainage 
o To hold soil particles in place 
o To allow groundwater and/or other seepage to enter a drain unimpeded 
• Leachate Collection Systems 
o To prevent mobilized particles from entering drains 
o To allow leachate to flow unimpeded 
 
In the proposed application, the filter must allow enormous amounts of combined 
wastewater to flow through while removing particulates – as in the leachate collection 
system protection scenario. 
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3.2 Design Considerations 
 
Designing with geosynthetics involves determining the product characteristics required 
for the field or laboratory application. In addition to having measurable hydraulic and 
mechanical properties that are used in analytical expressions, available products have 
internal structures and surface textures that have been empirically correlated with 
behavior in service for particular conditions. 
 
Geotextiles were first used for filters as alternatives to granular soil filters (Barrett, 1966). 
The earliest application was draining retaining wall backfill. This use reflects the usual focus in 
designing a geotextile filter as managing a trade off between assuring permeability, also 
expressed in terms of permittivity, and soil retention. The key material property for the latter 
concern has been found to be the apparent opening size (AOS). A designer selects from the 
available products for those having the desired engineering properties. Special consideration is 
required when the permeating liquid is not clean water, such that excessive clogging may 
result from causes other than failure to keep the inert retained soil particles in place. The 
susceptibility to clogging by biological growth or chemical precipitation has been 
identified (Koerner G., 1993) and laboratory methods to evaluate its extent have been 
developed for ASTM. However, this is a rather “defensive” approach to biochemical 
activity i.e. empirical effect on permittivity. The use of geotextiles to filter suspended 
solids from wastewater and wet weather flows is a new application, so products made for 
this purpose are not yet developed or marketed. However, geotextile filters are the most 
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closely related standard application to filtration of suspended solids across the plane of 
the geotextile. Particle sizes are defined in Table 3.1. 
 
Table 3.1. Particle Size discretization 
  (Metcalf & Eddy, 1991) 
 
Particle classification Particle size, mm 
Dissolved solids less than 10-6
Colloidal solids 10-6 to 10-3
Suspended solids greater than 10-3
Settleable solids greater than 10-2
 
 
Migration of particles into the filter represents failure in both criteria (soil retention and 
maintaining permittivity) as both substantial soil particle movement and water pressure 
buildup destabilize the soil mass.  Marks (1975) showed that the clogging of nonwoven 
geotextiles depends on fiber density, and Gourc (1990) showed that clogging will occur 
when the geotextile void and the soil particle sizes are similar. Clogging can also result 
from deposition and/or growth of organic material. Hoogerdendorn and Van der Meulen 
(1977) showed that algae and organic matter in natural waters can clog geotextiles. The 
issue of biological clogging came to the fore in adapting the practice of geotextile filter 
design to protect the drains in leachate collection systems in the 1980’s. Leachate has a 
high concentration of inorganics and organics, as fine slurry and solutes (Williams; 1989; 
Legge 1990 and Sansone, 1991). BOD5 concentrations have been detected up to 20,000 
mg/L (Lu et al., 1985). There is a well founded concern for solids, chemical precipitation, 
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and biological clogging. Canelli and Cazzuffi (1987) and Gribb (1988) studied the 
decrease in permeability from deposition of suspended solids. It was also evident that the 
geotextile filters also attracted microbial growth.  Lu et al., 1985 found that bacteria in 
leachate grow within the fibers. Koerner and Koerner (1990) detected up to 75% or 100 
% loss in filter permeability due to clogging from biological growth. Mlynarek et al. 
(1990) developed a method to identify biomass within a geotextile filter by microscopic 
examination. 
 
G.R. Koerner (1993) systematically investigated geotextile landfill filter clogging using 
several leachate sources, geotextile types, and test conditions. Leachate was permeated 
through columns packed with alternating layers of gravel, geotextile, and sand. It was 
concluded that: 
 
- Geotextiles can excessively clog even over a brief period of permeation with leachate 
- Filter porosity, pore size and thickness each affect performance 
- Both flow rate and leachate strength (sum of the mass loading rate) affect clogging  
- Heatbonded NW geotextiles had the lowest residual permittivity, needle-punched NWs 
had the highest, and wovens were intermediate  
- Leachate recirculation aggravates clogging 
 
The question of whether geotextiles attract microorganisms was implicitly resolved by 
Corcoran and Bhatia (1996). In 1993, they exhumed samples of one of the first 
geotextiles used as leachate collection system filters, installed in 1988 at the Fresh Kills 
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landfill in New York City. The nonwoven geotextiles protected aggregate drains in 
trenches excavated in a fine-grained subgrade. Only on the top did the geotextile filter 
material directly contact the liquid waste. On the other three sides, the geotextiles were 
conventional filters, retaining the fine-grained soil in place while allowing inflow of the 
limited flow of leachate that was filtered in seepage through the subgrade. Hence, most 
contact between the filter and leachate was tangential rather than transverse, i.e., along 
the drain path where the geotextile was effectively the boundary of the subsurface 
channel. Even so, bacteria grew within the fibers of the nonwoven geotextile and formed 
a biofilm that decreased sidewall permittivity. 
 
These findings must be put into perspective by using the geosynthetic practice of “designing-by-
function”.  The emphasis on solids retention in draining soil masses is less important in landfill 
drainage. There, the criterion is to allow passage only of material that will stay in solution or 
suspension to prevent drain clogging. Mobilizing fine particles from a waste deposit is not a 
problem in itself. Settlement prior to capping is desirable, and leachate recirculation systems rely 
on conveying suspended and dissolved solids as described further below. Finally, leachate 
quantities are low, generated from direct rain infiltration only, rather than regional flow. The 
hydraulic capacity required of a leachate filter (gal/ft2/yr) is generally lower than of soil filters 
(gal/ft2/day). Hence, there is more tolerance for partial clogging in landfill filters. Koerner (1993) 
showed that even with a loss of several orders of magnitude in permeability due to biological 
clogging, if it reached a steady state, as observed with some fabrications, many geosynthetic 
filters could still function as needed. The final, but not the initial, permeability matters. In order to 
determine the level of clogging, long-term flow (clogging) test, gradient ratio (clogging) test and 
hydraulic conductivity ratio (clogging) test can be carried out (R.M. Koerner, 1998). 
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The intent in the present study is to take advantage of the geotextile filtration function as an 
opportunity to protect receiving waters from pollution discharges.  Many of the constituents 
entrained in wet weather flow can be separated by physical means such as screening, 
sedimentation and floatation. However, suspended and dissolved organic constituents are a 
concern, especially the pathogens that are attached to the suspended solids. Contact with a surface 
texture that removes organic material from the waste stream will improve combined sewer 
overflow discharge quality. 
  
3.3 Selection of Geotextile Type 
 
Woven geotextiles consist of a layered (planar, slatted) matrix, with a low ratio of 
pervious-to-impervious area of flow-through, and no interior storage available within the 
matrix of the fabric. Pore channels are continuous, rectangular shaped connections from 
the face of the fabric to the underside. 
 
Nonwoven geotextiles are comprised of a matrix of polymeric fibers applied in a random 
fashion during the manufacturing process. They consist of two types: 
• Needle-punched 
• Spun bonded 
Internal storage is available within the fabric, and pore channel distribution and tortuosity 
is non-uniform. Like woven geotextiles, nonwovens can be used for cake filtration, 
however, their internal structure also allows them to function as medium and depth 
filters. The following figure presents the structures of woven and nonwoven geotextiles, 
and their filtration/ capture potential.  
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 Figure 3.1. Sketch showing structure and filtration behavior of  
   woven vs. nonwoven geotextiles 
 
 
It is recognized that, due to the tortuosity of the pore channels within the interior structure 
of the nonwovens, their permittivity will be less than that of the wovens (which have pore 
channels that are continuous, linear, and uninterrupted - from the face of the fabric, to the 
underside of the fabric) that have the same fiber volume fraction (see Figure 3.2). Fiber 
volume fraction is defined as: (1- the porosity of the fabric). Mc Carthy and Kim 
concluded that fiber volume fraction and fiber orientation are the main factors affecting 
the permeability of textile preforms. However, it is also recognized that, for the objective 
of this dissertation, the advantage of having the potential to provide a filtration function 
within the nonwoven interior structure far outweighs the woven fabric advantage of 
higher permeability (permittivity). 
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Figure 3.2. Permeability (permitttivity) of woven vs. nonwoven fabrics, 
 as related to fiber volume fraction (after Ko, et al.) 
 
 
Since the nonwoven geotextiles provide the potential for three types of filtration (as 
opposed to one for the wovens), and interior storage (as opposed to no storage 
availability with the wovens) it was determined that the nonwoven geotextiles were better 
suited for the use investigated by this research.  
 
Subsequent to the Koerner (1993) landfill study, Korkut (2003) and Yaman (2003) 
presented the further advantage of the storage availability of nonwoven geotextiles for 
biological treatment of organic material within the pore structure. Using primary-treated 
wastewater (settleable solids already removed), they showed that colloids could adhere to 
the fiber matrix and grow as a discontinuous floc in the pores, as shown on Figures 3.3 
and 3.4. This capture (and subsequent biological growth phenomenon) is aided by the 
tortuosity of the nonwoven fabric, in that, organic constituents contained within the waste 
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stream are more likely to be captured or embedded within the pore channels due to 
inertial influence. 
 
 
 
Figure 3.3. Pore structure of nonwoven geotextile 
 (after Korkut) 
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Figure 3.4. Capture of organic material within pore structure of nonwoven geotextile 
 (after Korkut) 
 
 
 
Figure 3.5. Two-Dimensional projection of fiber attached biofilm 
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Figure 3.6 shows another model derived from conventional filter behavior, entrapment of 
discrete particles when forward motion is arrested by a local constriction. This would 
produce a biomass of discontinuous flocs rather than the continuous biofilm of Figure 
3.5, growing inside a pore with limited contact with the fibers defining it. Seepage would 
be a laminar flow between floc and fibers, rather than through the biomass. The surface 
area for substrate sorption would not change radically as the floc of Figure 3.6 grows.  
 
To resolve the biomass morphology question, scanning electron microscope (SEM) 
pictures were taken of the geotextile filters after being exhumed and air-dried. Figure 3.4 
shows a complex, open structure between widely spaced fibers. The porosity scale is 
radically different from that used in geotechnical and granular filter practice. Rather than 
30%-40% of the total media volume being pores, over 80% of it is available to fit both 
biomass and fluids (water, wastewater and air).  Fiber density, a geotextile property that 
is essentially the inverse of porosity, also has an effect on permittivity. The biomass is a 
combination of the two models described above, with some attachment to the fibers. It is 
plate-shaped, growing at the edges and in layers. 
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Figure 3.6. Two-dimensional projection of floc biomass model 
 
 
The actual biofilm was a combination of attached and “rattling” floc. In the present effort, 
emphasis is on physical capture during an intense, short-duration event, which may be 
followed by development of a biomass that digests itself, perhaps passing through the 
stage shown on the SEM. Anyway, the applicable model is like Figure 3.6, only directly 
arrested as shown on Figure 3.7.   
 
However, the focus of this research remains the capture and/or retainage of suspended 
organic particles from an untreated (except, perhaps, inorganic grit removal) raw waste 
stream. The intent would be the physical removal of suspended particles carrying 
substrate and microorganisms of a wide size range from the permeating influent by one of 
several filtration modes (depth, medium, or cake, as described below). Figure 3.7 
illustrates the basic physical blockage in the fabric, or at the upstream surface. It is 
expected that biodegradation would follow, as was observed in the previous studies. 
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Hence, the ability to keep transmitting the water is important, as is the particle sizes 
captured. The solids capture and liquid transmission efficiency would depend on the pore 
structure, defining the particle size captured within the fabric, presumably the most 
efficient post-event biodegradation situation, and the sizes of the particles that pass 
through the filter. However, pore-size distribution is not routinely measured, so industry 
indices are the focus. 
  
Figure 3.7. Suspended solids captured in pores of geotextile 
 
 
3.4 Selection of Candidate Geotextiles 
 
In order to address product uniformity for the experiments required for this dissertation, 
and minimize variation in the above noted critical parameters (AOS, permittivity, 
porosity), it was decided that one geotextile manufacturer’s product line would be used. 
The manufacturer selected was SI Industries, and in order to evaluate a range of 
parameters for the experiments, nonwoven staple fiber needle-punched geotextiles having 
mass per unit areas of 5 ounces per square yard, 8.5 ounces per square yard, and 15 
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ounces per square yard were considered (see Table 3.2). Manufacturer’s Data Sheets are 
included in Appendix A for all three candidates. 
 
Table 3.2. SI Geosolutions Reported Data  
Property GEOTEX 601 GEOTEX 1001 GEOTEX 1601 
Mass/ Unit Area 5.0 oz./ yd2 8.5 oz./yd2 15.0 oz./yd2
Thickness 60 mils 100 mils 145 mils 
Apparent Opening 
Size (AOS) 
70 US Std. Sieve 
(0.212 mm) 
100 US Std. Sieve 
(0.150 mm) 
100 US Std. Sieve 
(0.150 mm) 
 
Permittivity 1.30 sec-1 1.20 sec-1 0.70 sec-1
Source: SI Geosolutions Web Site 
 
 
3.5 Manufacturing Process of Candidate Geotextiles 
 
The process for the manufacture of staple fiber needle-punched nonwoven geotextiles is 
as follows: 
Polymers are heated and fed into an extruder, and are forced out of a spinneret or a series 
of spinnerets. After extrusion, they are cooled and chopped into staple fibers. The staple 
fibers are then distributed onto a conveyor belt by a blown process, with the amount of 
fiber applied being based upon the specified mass per unit area. The fibers then undergo a 
consolidation process which compresses the “fabric mat”. As the conveyor continues in 
the "machine direction”, a matrix of barbed needles penetrates through the mat from 
above. When the needles are withdrawn, the barbs hook the staple fibers, and cause the 
staples to be pulled up into the matrix of the mat. The needle-punching achieves two 
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purposes: 1. The fibers of the mat are interlocked, and, 2. The staple fibers that are 
pushed both downward and upward through the mat create through-channels in the 
fabric. The needle-punching process is designed such that there is an overlap of needling 
in the fabric from one punching event to the next.  
 
The next step in the process is the transfer of the geotextile “roll” that is being created on 
the conveyor to another conveyor that is moving slightly faster. This slight increase in 
speed of the second conveyor causes the roll to be “stretched” in the machine direction. 
This applied tension helps to interlock the staple fibers that were “sewn” by the needle-
punching process. The roll then undergoes a process called “burnishing”, where the 
underside of the fabric is heated to fuse the external fibers, and give the geotextile 
additional tensile strength. The final step in the manufacturing process is the quality 
assurance/ quality control component, where light transmittance is used by an inspector 
to determine if major flaws are present in the final product. 
 
3.6 Initial Screening of Candidate Geotextile Characteristics 
 
The goal was to evaluate each of the three manufactured products, and determine which 
geotextile (GT) provided the best balance between hydraulic conductivity and filtration. 
It was initially theorized that the 5 oz./ sy GT would provide a high permittivity, but not 
enough internal storage; the 8.5 oz./sy would provide a high permittivity, and higher 
volume of storage compared to the 5 oz./sy; and the increase from 8.5 to 15 oz/sy would 
result in more storage availability, but the permittivity of the fabric would drop from 1.2 
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sec-1 to 0.70 sec-1. This reduction in permittivity appears significant, in that significantly 
less flow through the filter will occur, and therefore, more filter area will be required for 
the treatment of the waste stream. More filter area means not only more geotextile fabric 
required, but more tank volume would be required for the treatment unit application in 
the field – where the geographic area in the field where implementation of this method 
would occur is limited. 
 
In order to evaluate the three candidate geotextiles (5, 8.5, and 15 oz/sy), an assessment 
of their physical properties needed to be made.  Initial screening of geotextiles was 
performed using a falling head permeameter to approximate the AOS, and compare it to 
the manufacturer’s reported AOS. The permeameters were constructed of a segmented 
three inch diameter plexiglas cylinder (see Figure 3.8). 
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Figure 3.8. Falling head permeameters with GT secured in center permeameter 
 
 
 The top half of the cylinder was connected to the bottom half through the use of a rubber 
coupling, secured with two metal hose clamps. The candidate geotextile was then cut into 
a four-and-a-half inch diameter coupon, and draped over the lower half of the cylinder. 
The rubber coupling was then placed over the geotextile, and the clamps were tightened. 
Care was made to assure that the geotextile sample did not protrude out of the coupling, 
to prevent “wicking”, or a point of leakage, from the inside of the cylinder to the external 
wall of the device.  
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It is noted that the geotextile candidates were subjected to a pre-soak period prior to 
testing in order to: 
• Replicate probable conditions in a subsurface unit operating under actual field 
conditions 
• Assure a conservative approach, to minimize static cling, as in ASTM AOS 
testing 
 
A significant requirement of the screening component was that the particle size of the 
slurry had to be controlled and replicable. Since wastewater did not meet this criteria (and 
for obvious reasons was undesirable to work with, as well as being unsanitary) it was 
determined that an appropriate analogue would be required for use throughout the testing 
phase.  
After several alternate materials were considered, it was determined that anthracite coal 
(as used in standard water treatment plants) was the substance most analogous to 
wastewater, and the most useful for the experiments, in that: 
• It is inert 
• It is organic 
• It is amorphous, and therefore would mimic a wastewater floc 
• Its specific gravity (1.35) is closely related to that of wastewater 
• It can be used in standard replication procedures 
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• The capture of anthracite by the geotextiles could be used as a baseline for 
wastewater treatment because the anthracite is a hard substance, and therefore, if 
the geotextiles could capture the anthracite, they should be able to capture even 
more wastewater-related organic constituents, which have a sticky gel coating.  
Since the geotextiles to be used for the permittivity testing had manufacturer’s reported 
AOSs of US Sieve Sizes #70 (the 5 oz/sy) and #100 (the 8.5 oz/sy and 15 oz/sy), a 
particle smaller than that reported (#100 to #200 sieve) was determined to be appropriate 
for use in the experiments. Anthracite subsequently used in the experiments (#20-#40 
sieve size) was obtained from the Philadelphia Water Department (PWD) Belmont Water 
Treatment Plant. Several methods were used to generate the selected #100-#200 sieve 
particle size, and are presented in Chapter 4. 
 
A slurry of water and anthracite (with a mass of 1.5 times the estimated volume of the 
interior porosity of the fabric) was then introduced into the permeameter. It was noted 
that a cake filter formed on the geotextiles, and permittivity decreased dramatically. The 
coupons were then dried and weighed, and it was found that 99.5% to 100% of the 
anthracite mass was retained either on, or in, the geotextile fabric. This result was in 
contrast to that expected from the manufacturer’s reported AOS (which is 5% passing for 
the #70 sieve). This procedure was performed on the 5 oz/sy geotextile coupons. A 
further review of the other 5 oz/sy coupons revealed visual evidence of widespread 
variation in areal density (mass per unit area), and areas of the fabric where pore through- 
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channels were obvious, and had a width-to-thickness ratio exceeding 2:1. In contrast, in 
other areas of the fabric, visual access through the material was unattainable. 
 
The permeameters were rerun using a slurry of water and masonry sand (particle size 
passing the #100 sieve). It was anticipated that the impact velocity of the sand grains 
(having a specific gravity of 2.65, as opposed to 1.35 for the anthractite), and shape 
(rounded versus amorphous for the anthracite) would result in a greater mass fraction 
passing through the geotextile. However, the result was similar to that of the anthracite 
slurry run, with 95-100% of the sand slurry being retained either on or in the geotextile. 
This finding was particularly interesting when considering the relative similarity in shape 
and specific gravity between the sand grains used for the permeameter runs, and the glass 
beads used in the ASTM standard D4751 for the determination of AOS. The result would 
infer that there exists variability throughout the geotextile in relation to AOS, pore size 
distribution, and probably, permittivity. 
 
3.7 Analysis of Nonwoven Geotextile Areal Density Distribution 
 
During a pre-screening test of candidate nonwoven needle-punched geotextiles, it 
was noted that the fiber distribution of the test coupons appeared irregular and random.  
This is a point of concern because future filtration specifications using nonwoven 
geotextiles will require uniform permittivity and AOS throughout the filter depth.  If the 
fibers are not uniformly distributed, unequal hydraulic loading will occur normal to the 
surface of the filter, and therefore, filtration efficiency will decrease.  
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It was therefore deemed necessary to determine the areal density distribution of 15’ wide 
(180”) rolls of off-the-shelf nonwoven needle-punched geotextiles in order to continue 
the assessment of the fabric for application to the filtration of stormwater runoff and 
combined sewer overflow.  The analysis determined the fiber density and locations, and 
subsequent permittivity testing was performed on the samples (as reported in a later 
chapter of this dissertation) to determine the effect of areal distribution on the 
permittivity of the fabric. 
 
3.7.1 Material Characteristics of Sample 
 
 Nonwoven needle-punched geotextiles are rated by the manufacturers by mass per 
unit area (in the case of the geotextiles used for this analysis, 5 and 8.5 ounces per square 
yard).  However, the manufacturers have instituted a process called “burnishing”, 
whereby the underside of the geotextile is heated to fuse the fibers, and provide 
additional tensile strength to the fabric.  The advantage to the supplier is that a 5 ounce 
per square yard geotextile can now have the same strength as a 6 ounce per square yard, 
and can be marketed as a 6 ounce fabric even though the areal density is actually 16.7% 
less.  Further, an 8.5 oz/sy geotextile can be marketed as the equivalent of a 10 oz/sy 
product. The sample fabrics used for this analysis were Synthetic Industries #601 and 
#1001 (with manufacturer reported mass per unit areas of 5 and 8.5 oz/sy, respectively). 
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3.7.2 Sample Distribution  
 
The coupons cut from the sample roll for this analysis measured 7.5”x 9.5”. Therefore, 
using the manufacturer’s reported areal densities of 5 ounces per square yard, and 8.5 
ounces per square yard, the coupons each should weigh: 
 
(7.5in. x 9.5in.) x 1 sy  x 5 oz. = 0.275 ounces/ coupon for the 5 oz/sy samples 
  144in2/ ft2           9 ft2      sy  
 
and 
(7.5in. x 9.5in.) x 1 sy  x 8.5 oz. = 0.467 ounces/ coupon for the 8.5 oz/sy samples 
  144in2/ ft2           9 ft2      sy  
 
The rolls were cut into sample swaths measuring 34” long, and 180” wide, and further 
subdivided into four (4) rows of coupons having alternating orientations.  The first and 
third rows from the top of the sample consist of coupons that are 7.5” wide, and 9.5” high 
(their orientation will be referred to as the “machine direction”). There were exactly 24 
coupons in each of these two rows (Row #1 contains coupons 1-24, and Row #3 has 
coupons 44-67). 
 
Rows #2 and #4 contain coupons cut in the cross-plane direction, which are 9.5” wide, 
and 7.5” high.  Since the 9.5” doesn’t divide evenly into 180”, we have a total of 19 
coupons for each cross-plane row, with the centermost coupon being 9”wide, and 7.5” 
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high. The cross-plane rows are numbered 25-43, and 68-86.  The 9” wide coupons are 
reported as numbers 34 and 77. 
 
A total of 86 coupons were cut from the rolls as shown on Figure 3.9 below. 
 
 
 
Figure 3.9 – Sample coupon location and identification 
 
 
3.7.3 Results of Areal Density Investigation 
 
The areal density results obtained were segregated into many categories in order to afford 
the opportunity for an analysis of trends.  The mean; mode; median; standard deviation; 
variance; and minimum and maximum values for each discretized range were considered 
for the following conditions: 
1. All 86 coupons. 
2. All machine direction coupons - Nos. 1-24, 44-67. 
3. All cross-plane direction coupons - Nos. 25-43, 68-86. 
4. All left side coupons (machine direction and cross-plane) - to include all within 
57-60” from left edge of roll – Nos. 1-8, 25-30, 44-51, 68-73. 
  
 71
 
5. All center coupons (machine direction and cross-plane) - to include all within 
center 60”-66” of roll – Nos. 9-16, 31-37, 52-59, 74-80. 
 
6. All right side coupons (machine direction and cross-plane) - to include all within 
57”-60” from right edge of roll – Nos. 17-24, 38-43, 60-67, 81-86. 
 
7. All left side coupons (machine direction) - to include all within 60” from left edge 
of roll – Nos. 1-8, 44-51. 
 
8. All center coupons (machine direction) - to include all within center 60” of roll – 
Nos. 9-16, 52-59. 
 
9. All right side coupons (machine direction) - to include all within 60” from right 
edge of roll – Nos. 17-24, 60-67. 
 
10.  All left side coupons (cross-plane direction) - to include all within 57” from left 
edge of roll – Nos. 25-30, 68-73. 
 
11.  All center coupons (cross-plane direction) - to include all within center 66” of   
roll – Nos. 31-37, 74-80. 
 
12.  All right side coupons (cross-plane direction) - to include all within 57” from 
right edge of roll – Nos. 38-43, 81-86. 
 
 
All coupons were weighed, and the mass of each individual coupon was converted 
into an equivalent areal density (mass per unit area). The values obtained for each 
coupon are presented in Tables 3.3 (5 oz/sy) and 3.4 (8.5 oz/sy). Statistical data was 
also determined as noted above, and these values obtained for the entire 86 coupons 
are presented in Tables 3.5 (5 oz/sy) and 3.6 (8.5 oz/sy). The results of the analyses 
noted in Items 2 through 12 above are presented in Appendix B. 
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Table 3.3. Results of 5 ounce/ square yard geotextile coupon areal densities 
 
Coupon 
No. 
Density 
(oz./sy)  
Coupon 
No. 
Density 
(oz./sy)  
Coupon 
No. 
Density 
(oz./sy)  
Coupon 
No. 
Density 
(oz./sy) 
1 7.98  23 6.53  45 6.45  67 7.74 
2 6.88  24 7.37  46 6.00  68 7.90 
3 6.39  25 7.58  47 5.92  69 6.42 
4 6.38  26 6.43  48 5.98  70 5.99 
5 6.40  27 5.97  49 5.86  71 6.02 
6 6.34  28 6.01  50 5.88  72 5.77 
7 6.78  29 6.02  51 6.20  73 5.71 
8 6.41  30 6.10  52 6.10  74 5.57 
9 6.31  31 5.99  53 6.02  75 5.77 
10 6.40  32 6.15  54 5.96  76 5.84 
11 6.10  33 7.13  55 5.98  77 5.76 
12 6.11  34 6.42  56 6.19  78 6.06 
13 5.67  35 6.38  57 6.38  79 6.38 
14 5.55  36 6.29  58 6.64  80 6.48 
15 5.19  37 5.90  59 6.46  81 6.15 
16 5.09  38 5.57  60 6.52  82 6.22 
17 5.43  39 5.44  61 6.67  83 6.29 
18 5.69  40 5.68  62 6.61  84 6.38 
19 5.92  41 6.26  63 6.42  85 6.33 
20 6.08  42 6.62  64 6.26  86 7.44 
21 6.42  43 6.38  65 6.11    
22 6.31  44 7.69  66 6.40    
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Table 3.4. Results of 8.5 ounce/ square yard geotextile coupon areal densities  
Coupon 
No. 
Density 
(oz./sy) 
 Coupon 
No. 
Density 
(oz./sy) 
 Coupon 
No. 
Density 
(oz./sy) 
 Coupon 
No. 
Density 
(oz./sy) 
1 11.74  23 10.52  45 9.72  67 10.43 
2 10.71  24 10.39  46 9.75  68 10.68 
3 10.30  25 11.26  47 10.62  69 9.88 
4 10.59  26 10.52  48 10.43  70 10.17 
5 10.68  27 10.88  49 11.07  71 10.17 
6 10.94  28 11.23  50 11.55  72 10.46 
7 10.14  29 12.00  51 11.04  73 10.30 
8 10.04  30 11.48  52 10.88  74 10.36 
9 10.20  31 10.91  53 11.20  75 10.30 
10 10.33  32 11.04  54 10.75  76 9.78 
11 10.36  33 11.04  55 10.65  77 10.33 
12 10.59  34 10.26  56 10.27  78 10.30 
13 10.20  35 10.17  57 10.17  79 10.14 
14 10.78  36 9.88  58 10.30  80 9.88 
15 10.39  37 9.62  59 9.95  81 9.98 
16 9.88  38 9.30  60 10.11  82 9.75 
17 9.75  39 9.78  61 10.23  83 9.88 
18 9.37  40 10.07  62 10.62  84 10.36 
19 9.85  41 10.33  63 11.36  85 10.20 
20 10.39  42 10.46  64 11.16  86 10.43 
21 10.68  43 10.17  65 11.10    
22 10.52  44 10.55  66 10.65    
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Table 3.5. Statistical results for areal density investigation of 5 oz/sy geotextile 
 
Min. = 5.09  Max. = 7.98  Mean = 6.27    
Median= 6.24  Mode = 6.38  Std. Dev.= 0.55  Variance= 0.31 
 
 
Table 3.6. Statistical results for areal density investigation of 8.5 oz/sy geotextile 
 
Min. = 9.30  Max. = 12.00  Mean = 10.44    
Median= 10.36  Mode = 10.30  Std. 
Dev.= 
0.52  Variance= 0.27 
 
 
3.7.4 Data Presentation 
 
In order to present the data in comprehensible form, two graphs were generated (Figures 
3.10 and 3.11). The graphs depict the density distribution of the sample, with data being 
presented for the left, center, and right subdivisions of the geotextile roll being 
investigated. Mean values for each of the subdivisions are shown, along with the mean 
areal density (mass per unit area) value obtained for the entire sample of 86 coupons.  
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Figure 3.10.  Data distribution for all 86 coupons (5 oz/sy) 
 
 y
8.0
8.5
9.0
9.5
10.0
10.5
11.0
11.5
12.0
12.5
M
as
s 
pe
r U
ni
t A
re
a 
(o
z/
sq
 y
d)
Machine Direction Row 1
Machine Direction Row 2
Cross Direction Row 1
Cross Direction Row 2
LEFT CENTER RIGHT
Overall Avg.
Avg. for Roll Segment (typ.)
Figure 3.11.  Data distribution for all 86 coupons (8.5 oz/sy) 
                                                        (after Walton) 
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Although the graphs presented above can provide a review of the scatter (and their 
relationship to mean values), a more efficient way to offer a visual interpretation of the 
data is to present density contour maps.  The maps below (Figures 3.12 and 3.13) show 
the random distribution of fibers throughout the fabric sample by reporting biases toward 
areas with a higher mass value.  It can be seen in the 5 oz/sy sample matrix that although 
the edges of the sample exhibit a higher degree of mass gradient than most of the fabric, 
the center portion is also subjected to mass variation.  The 8.5 oz/sy sample matrix 
exhibits more clustering in the center portion of the roll, and less gradient toward the 
edges of the roll. This data (for both density geotextiles) would infer that the fiber 
placement in a nonwoven needle-punched geotextile is random, and therefore, the 
permittivity, AOS, and pore size distribution may also be non-uniform throughout the 
roll. 
 
 
Figure 3.12.  Areal Density Contour Map (5 oz/sy)  
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Figure 3.13. Areal Density Contour Map (8.5 oz/sy) 
 
 
 
 
 
3.7.5 Areal Density Investigation Conclusion 
 
An areal density analysis was performed for nonwoven needle-punched geotextiles 
having densities of 5 oz/sy and 8.5 oz/sy by utilizing a 34” wide swath of nonwoven 
needle-punched geotextile, across a 15’ wide (the roll width). The third candidate, having 
a reported mass per unit area of 15 oz/sy was not investigated because it was 
hypothesized that the errant placement of a single fiber would have a greater impact upon 
the thinner geotextiles (having thicknesses of 70 mils and 100 mils, respectively), as 
opposed to the 15 oz/sy geotextile, which has a reported thickness of 145 mils.  
Therefore, four (4) rows of coupons were cut from the swath, with each row of 7.5” x 
9.5” coupons alternately oriented in the machine direction and the cross-plane direction.  
A total of 86 coupons were weighed, and the resultant values were evaluated for the 
arithmetic sample mean, median, mode, standard deviation, variance, and range.  
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It is noted that all coupon weights exceeded the manufacturer’s reported mass per unit 
area. All coupon values obtained were reported in chart form, and the mean values 
obtained for the coupons located on the left, center, and right sides of the swath were 
presented in graphic form.  The coupon weights were also reviewed based on orientation 
in order to determine trends existed.  It appears that there is no trend present in regard to 
sample orientation.  The standard deviation for all 5 oz/sy coupons was determined to be 
8.8%, and segregated sampling resulted in standard deviations ranging from 6.9% to 
10.2%. The standard deviation for all 8.5 oz/sy coupons was determined to be 5.0%, and 
segregated sampling resulted in standard deviations ranging from 3.4% to 5.9%. 
 
In an effort to provide further clarification of the mass distribution throughout the sample, 
contour maps were drawn. These showed in both cases (nominal fiber density) that the 
distribution of fibers in a nonwoven staple fiber needle-punched geotextile is generally 
random, but both the edges of the sample and the center are subject to fiber clustering, 
and therefore, mass variation. This effect is seen on the figures above as being more 
pronounced with the thinner product. This result infers that the permittivity and AOS will 
also be variable throughout the geotextile roll due to non-uniform distribution.  This 
finding is significant in that the use of the material as a filter may be compromised if it is 
determined during the next phase of analysis (testing the permittivity of equal mass 
coupons) that fluid flow through the geotextile is also not uniform.  
 
The variable fiber distribution may be the result of manufacturing processes such as the 
blown application of the staple fibers, or the speed of the conveyor. It is again stated that 
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all coupon weights, when converted to areal density, exceeded that which was reported 
by the manufacturer. Therefore, from a manufacturing standpoint, the marketed product 
is being delivered. The variance in areal density may not be acceptable for the application 
that is being presented in this dissertation, though. Therefore, a new product may need to 
be specified to achieve this goal.  
 
To illustrate the variability in the geotextile areal density, Figure 3.14 offers a visual 
presentation of coupons culled from a manufacturer-rated 5 oz/sy geotextile - using light 
transmittance through the most and least dense coupons (7.98 oz/sy and 5.09 oz/sy, 
respectively). The variability of same density coupons (rated as 5 oz/sy – actual measured 
density = 5.57 oz/sy) is also presented in Figure 3.15, where the light transmittance is 
shown to be non-uniform. This characteristic of non-uniformity may suggest that the 
critical parameters of each same density coupon (AOS, permittivity, and porosity) may 
not be equal, and therefore, may present a concern in regard to performance for a 
filtration application. 
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Figure 3.14. Most Dense and Least Dense coupons (5 oz/sy) 
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Figure 3.15. Same Density coupons - exhibiting non-uniform fiber distribution 
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Chapter 4. Permittivity Testing 
4.1 Manufacture of Anthracite Analog 
After the non-uniformity of geotextile fiber placement and variability in areal density 
(mass per unit area) was recognized in the last chapter of this dissertation, it was decided 
that the next step in the characterization of the material was to determine the effect of the 
non-uniformity on permittivity and particle size pass-through. Therefore, it would be 
necessary to design and build an apparatus that could test the permittivity of the material.   
As described in Chapter 3, anthracite coal was selected as the medium most analogous to 
waste water. Therefore, a method had to be created to fracture and discretize particle 
sizes to facilitate laboratory testing replication. Since the geotextiles to be used for the 
permittivity testing had manufacturer’s reported AOSs of US Sieve Sizes #70 (the 5 
oz/sy) and #100 (the 8.5 oz/sy and 15 oz/sy), a particle size smaller than that reported 
(#100 to #200 sieve) was determined to be appropriate for use in the experiments. 
Anthracite subsequently used in the experiments (#20-#40 sieve size) was obtained from 
the Philadelphia Water Department (PWD) Belmont Water Treatment Plant. Several 
methods were used to generate the selected #100-#200 sieve particle size, and are shown 
on Figures 4.1-4.10. 
Figures 4.1-4.4 show the first attempt at crushed anthracite production through the use of 
a plexiglas cube, with brick base and plastic liner. The anthracite was crushed in several 
trials though the impact force exerted from an 8 pound hand tamper dropped from various 
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documented heights. The result was that the anthracite fractured particle distribution was 
variable – even when the depth of the anthracite was modified.  
 
 
Figure 4.1. Lucite container 
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Figure 4.2. Lucite container with brick base installed 
 
 
Figure 4.3. Added plastic liner and anthracite 
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Figure 4.4. Impacting anthracite with 8 pound tamper 
 
 
The next attempt at creating #100-#200 size anthracite particles was through the use of 
hand rolling with a metal cylinder (Figure 4.5). This method resulted in the fracturing of 
particles into “dust” (defined for this purpose as having a particle size of less than the  
#200 sieve). This method would be difficult to replicate for future use in laboratory 
experiments due to the non-mechanical component of manufacture. Additionally, the 
efficiency of this method was not acceptable, due to much effort required verses the 
minimal return of sample volume. 
 
 
 86
 
Figure 4.5. Rolling anthracite with metal cylinder 
 
 
The next technique used was the pulverization of anthracite by impact force which was 
applied manually (Figure 4.6). This resulted in the fracturing of most of the anthracite 
particles into the “dust” discussed above. The balance of the anthracite that was fractured, 
but not into dust, was non-uniform. Therefore, the #100-#200 sample size obtained was 
minimal in relation to the effort required, and initial sample quantity required prior to 
fracturing. Additionally, due to the non-mechanical nature of the method, replication for 
future experiments would be difficult. 
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Figure 4.6. Impacting anthracite with metal cylinder 
 
 
The next attempt at creating the anthracite sample was to utilize a manual proctor density 
compactor (Figure 4.7). This test could be replicated in that the height of fall and weight 
of tamper can be specified. Unfortunately, this was another case where the effort required 
to create the desired sample far exceeded the volume of usable sample obtained. The 
initial layer of anthracite in the bottom of the cylinder had to be very thin in order to 
allow for pulverization of the particles. Otherwise, if the anthracite layer was too thick, it 
would act as a cushion for the compactive effort of the falling weight, providing a 
damping effect.   
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Figure 4.7. Using manual proctor density compactor to fracture anthracite 
 
 
A mechanical proctor density compactor was then utilized to provide expediency in 
pulverization, as well as further standardization of the method of particle size generation 
(Figure 4.8). However, this method was also time intensive, and it became difficult to 
achieve an equal distribution of sample pulverization due to the fact that the diameter of 
the containment vessel was larger than the compaction rod. 
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Figure 4.8. Using mechanical Proctor Density Compactor to fracture anthracite 
 
 
It became evident that any method involving a compactive or pulverizing force to create 
the sample would be difficult to control. Therefore, an alternate method of breaking the 
anthracite particles was needed. In this regard, an appliance having metal blades that 
could shear the sample was employed (Figure 4.9). As anthracite hardness was evident 
during previous pulverization efforts, the anticipated advantage of the blades was thought 
to be that they would shear the particles through their planar structure, and therefore, 
create less dust. However, the device did not allow for heterogeneous mixing of the 
sample, rather discrete, laminar shearing occurred. In fact, the shearing effort of the 
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blades was localized, resulted in the “rounding” of the anthracite particle edges, in the 
immediate vicinity of the metal blades, and created dust once again. 
 
 
 
 
Figure 4.9. Using Metal Blade Processor to shear anthracite 
 
 
The next effort invested in creating the desired #100-#200 sample size was to employ an 
off-the-shelf coffee grinder (Figure 4.10). The device offered the advantage of processing 
a large volume of anthracite sample in a relatively short period of time. It also had the 
benefit of a setting for fineness of particle size output. These features provided the 
researcher with the ability to offer standardization and replication of the procedure for 
future application.      
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Figure 4.10. Using coffee/ espresso grinder to fracture anthracite 
 
 
The processed samples that were obtained from the grinder were then placed in a 
standard array of geotechnical sieves, and shaken to provide particle size discretization 
(Figure 4.11). 
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Figure 4.11. Using mechanical sieve shaker to obtain #100-#200 Sieve size particles 
prior to wet washing of sample 
 
 
The sample retained on the #200 sieve (particle size from #100-#200) was then wet-
washed to promote the removal of particles smaller in size than the #200 sieve screen 
opening. This wet-washed sample was oven-dried, and stored for use in the next phase of 
geotextile permittivity testing. It is also noted that this wet-washed sample was used in 
the previous chapter for the three inch diameter falling head permeability/ permittivity 
screening tests. 
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4.2 Scale-Up in Geotextile Coupon Size for 1-D Permittivity Testing 
 
The next phase in the characterization of the geotextiles required the assessment of 
permittivity as related to areal density (mass per unit area), as well as the potential for 
capture and/or filtration of the anthracite particles. To accomplish this goal, a 
“permittivity testing apparatus” needed to be constructed (Figure 4.12). The tester was 
designed to accommodate a scaled-up geotextile contact area from 0.049 square feet (in 
the 3” diameter falling head permeameters) to 0.33 square feet (6” wide x 8” high coupon 
cross-sectional area in the tester). The coupon was held in place in the tester by a ¾” 
thick plexiglas frame, with aluminum face plate, which was set in a countersunk channel. 
A 1/4” wide trough was provided in front of the upstream face of the coupon at the base 
of the tester in order to capture and remove anthracite that was rejected by the coupon, 
which would have accumulated in front of the coupon and subsequently blocked future 
flows through it.  
 
The overall dimensions of the tester were: 36” long x 9” wide x 17.5” high (see 
Specification Drawings in Appendix C), with, as previously noted, a flow-through center 
channel area of 6” wide x 8” high. Flow through the geotextile was governed on the 
upstream end by the permittivity of the geotextile and hydraulic head applied, whereas, 
flow out of the downstream end of the tester occurred through the use of two (2) 3/4” 
diameter orifices. At no point in the testing sequence were the outflow orifices 
submerged, and therefore, flow out of the vessel was not restricted. 
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Figure 4.12.  Drawing of Geotextile Permittivity Testing Apparatus 
 
 
Flow through the device, and hydraulic head across the geotextile, was monitored 
through the use of manometers, which were set adjacent to the upstream and downstream 
sides of the coupon being tested (see Figure 4.19). Three head differentials (flow rates) 
were used for the laboratory experiments, and three geotextile densities (5 oz/sy, 8.5 
oz/sy, and 15 oz/sy) were tested. For all test runs performed on the permittivity tester, the 
initial (inflow) rate was determined by volume sampling over time (δV/δt), and the 
hydraulic heads were standardized as 1/8”, 1/4”, and 3/8”. These head values resulted in 
the lowest flow rate of 1.18 gpm (15 oz at 1/8” head) to a highest flow rate of 10.71 gpm 
(5 oz at 3/8” head). 
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Figure 4.13. Permittivity variability for clean geotextiles 
 
 
Figure 4.13 above presents clean geotextile permittivity values obtained for various flow 
rates. It is noted that the permittivity of a clean geotextile should remain constant for any 
flow due to the relationship of Q = Ψ Δh A (Darcy’s Equation adaptation, with 
modification for permittivity, Ψ= K/t, where: K= hydraulic conductivity, and t= the 
thickness of the geotextile), where: 
Q= flow rate (in.3/ sec). 
Ψ = permittivity (sec-1) 
Δh= head differential across geotextile (in.) 
A = cross-sectional area (in2) 
Therefore, if the flow rate (Q) changes, the Δh value changes on the right side of 
the equation proportionally, and the change in flow rate has no effect on either the 
permittivity or the cross-sectional area of the geotextile.   
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Table 4.1. Evaluation of permittivity results of similar-density coupons  
5 oz/sy 8.5 oz/sy 15 oz/sy 
 
Coupon 
No. 
Weight  
(g) 
Perm. 
Ψ Coupon No. Weight (g) 
Perm. 
Ψ Coupon No. Weight (g) 
Perm. 
Ψ 
4R   9.95  2.31 1J   18.38  1.32    
41R   9.76  2.02 16J   15.05  1.68 16.1   27.73 0.80 
56R   9.64  2.43 19J   15.02  1.68 16.2   26.74 0.78 
57R   9.95  2.10 36J   (9.88)  1.47 16.3   26.14 0.75 
57R   9.95  2.16 59J   15.33  1.30 16.4   29.01 0.76 
57R   9.95  2.23 69J   (9.88)  1.18 16.5   29.49 0.52 
61R   10.40  2.31 80J   (9.88)  1.30 16.6   29.24 0.60 
71R   9.38  2.26 83J   (9.88)  1.58    
 Average 2.23   1.44   0.70 
 Std. Dev. 0.13   0.19   0.11 
 
Max Dev. 
+ 1.55   1.26   0.86 
 
Max Dev. 
- 1.59   1.35   1.59 
 
 
 
4.3 Anthracite Slurry Testing 
 
The anthracite sample that was previously manufactured was introduced into a one gallon 
supply head tank, and stirred to produce a suspended slurry that was introduced into the 
permittivity tester on each dose. The discharge point of the delivery tubing from the 
supply tank was placed at a specified horizontal distance from the geotextile coupon in 
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order for the anthracite slurry discharge cone to be disbursed across the entire face of the 
coupon.  The design protocol was to run a total of ten slurry doses for each coupon. Each 
dose consisted of 12 grams of #100-#200 size anthracite, for the completed runs having a 
total of 120 grams of accumulated anthracite being introduced to the geotextile. 
 
 
 
Figure 4.14.  Cake, Medium, and Depth Filtration (as well as pass-through) 
in Permittivity Testing Apparatus 
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Figure 4.15.  Photo of Permittivity Testing Apparatus 
(inlet on right side, outlet on left) 
 
 
 
Figure 4.16. Introducing anthracite slurry 
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Figure 4.17. Anthracite slurry contact with geotextile coupon 
Figure 4.18. Continuing slurry introduction 
(Note “ aratus) 
 
 
 
 
ghosting” of slurry at downstream end of app
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After each dose, the slurry was allowed to settle out to the bottom of the tester, and a 
 
head reading was made on the manometers to determine the residual permittivity of the 
coupon being tested (see Figure 4.19). 
 
 
Figure 4.19.  Photo showing typical head readings 
 on manometers after dosing event 
During the initial round of testing, it was noted that the inflow exerted a drag force on the 
 
 
anthracite that had collected on the face of the geotextile (cake filter). Shortly after the 
flow stream was discontinued, the phenomena of sloughing was observed (see Figure 
4.20). This behavior was noted to be significant in that it suggested that the geotextile 
filters may reestablish a portion of their permittivity between intermittent storm events.  
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Therefore, less maintenance and/or replacement of the filters in actual real-life 
deployment will be required. 
 
 
(The benefit of this effect is reestablished permittivity for the next dosing event) 
After the sloughing phenomenon was noted, it was decided that monitoring the behavior 
 
Figure 4.20.  Showing sloughing after discontinued influent 
 
 
of the geotextile after every two dosing events would be required to determine if the 
theory of reestablished permittivity between storm events was feasible. Therefore, two 
doses of anthracite slurry were applied, and the residual permittivity was recorded. The 
inflow was discontinued, and sloughing occurred. The inflow was then restarted, and the 
residual permittivity of the geotextile coupon was recorded. Two more doses were 
applied, permittivity was recorded, flow was discontinued, sloughing occurred, and so on, 
until a total of ten (10) doses were applied. The following graph (Figure 4.21) presents 
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the Permittivity Trends found for all three geotextile weights tested at a hydraulic head of 
1/8”.  
 
 
Figure 4.21. Permittivity trend for anthracite slurry dosing  
at 1/8” head (after Walton) 
As can be seen above, it appears that the theory of reestablished permittivity by sloughing 
 
 
between storm events may be valid. The 5 oz geotextile does not provide for internal 
storage within the fabric, since it is only two or three fibers in thickness (reported by the 
manufacturer as 60 mils thick). The 8.5 oz geotextile provides internal porosity (100 mils 
thick), and the 15 oz geotextile provides 145 mils of thickness, and therefore, 
theoretically more internal storage. This graph presents the sloughing influence on the 
cake filter only. However, subsequent testing with actual waste water (discussed in later 
chapters in this dissertation) showed less internal capture within the 15 oz coupons than 
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the 10 oz coupons – most likely due to pore channel distribution within the fabric, and 
therefore, would infer that medium and cake filtration dominated over depth filtration. 
Dosing runs conducted at 1/4” of head were more promising (for the 8.5 oz coupon 
especially). It is noted that, since the constant for each trial was the hydraulic head, due to 
the variability in permittivity for each weight of geotextile, the flow rates for each 
geotextile were different. For example, the 1/4” head resulted in flow rates of 7.50, 4.0, 
and 1.60 gallons per minute respectively for the 5, 8.5, and 15 oz/sy geotextiles. The 
results of the 1/4” head permittivity test are shown on Figure 4.22. Due to the high flow 
rate for the 5 oz/sy geotextile, when the coupon was loaded with the eighth dose, the 
backwater exceeded the height of the inlet reservoir of the permittivity tester, and 
therefore, failure was obtained.  Therefore, there is no reported data on the following 
chart for the 5 oz/sy coupon for the fifth sloughing event. 
 
 
Figure 4.22. Permittivity trend for anthracite slurry dosing at 1/4” head 
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It was noted that reestablished permittivity after sloughing was higher when the flow rate 
applied was higher. It is theorized that the higher flow rates cause a thicker cake to be 
formed on the face of the geotextile, and therefore, when the flow, (and associated 
hydraulic drag forces) cease, this interlocked cake dislodges from the face of the 
geotextile as a unit. The thicker the cake, the more interaction available between the 
particles. Friction and gravitational forces combine to cause the sloughing.  
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Figure 4.23. Capture obtained for different geotextile mass per unit areas  
at 1/8” head (after Walton) 
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Figure 4.24. Capture obtained for different geotextile mass per unit areas  
at 1/4” head (after Walton) 
 
 
During the testing phase, the concept of “filter efficiency” was discussed. For the 
purposes of this dissertation, filter efficiency will be defined as the aggregate percentage 
of capture within the fabric, plus the quantity of solids rejected by the fabric. The basic 
premise is that the function of the filter is to intercept the solids contained within a waste 
stream, and either retain them within the pore structure of the fabric, or prevent them 
from continuing on to a point of deposition (typically a waterway) through cake filtration, 
and subsequent settling. Therefore, the cake filtration and settling (also known as 
“rejection”) is just as effective and important as the medium or depth filtration because it 
still provides the function of intercepting and diverting the solids. The following graphs 
present the Total Efficiency for the three geotextile weights for 1/8” and ¼” hydraulic 
heads. 
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Efficiency determinations were made during the testing phase by: 1. Recovering rejected 
material which settled out on the bottom of the upstream end of the tester and in the 
trough; 2. Weighing the coupons to determine the anthracite embedment; and 3. Through 
recovery of the pass-through material. A mass balance verification was conducted to 
assure that all slurry solids were accounted for. 
 
 
Figure 4.25. Total efficiency different density geotextiles 
after 2 doses (after Walton) 
 
 
 
Figure 4.26. Total efficiency different density geotextiles 
After 2 Doses at ¼” Head 
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As can be seen by the preceding graph, after two doses at both 1/8” and ¼” head, the 8.5 
oz geotextile provided total filtration efficiencies of 99.8% and 99.6%, as opposed to 
92% and 95.1% for the 5 oz, and 91.5% and 92.5% for the 15 oz. Therefore, the 8.5 oz 
geotextile performance was the most efficient – nearing 100% in both cases. 
 
 
Figure 4.27. Total efficiency different density geotextiles 
after 10 doses at 1/8” head (after Walton) 
 
 
Figure 4.28. Total Efficiency Different density Geotextiles 
After 10 Doses at 1/4” Head 
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After 10 doses, the same trend can be observed for the 1/8” and 1/4” heads, with the 8.5 
oz geotextile providing total filtration efficiencies of 92.1% and 97.8%, as opposed to 
82.7% and 87.6% for the 5 oz, and 96.0% and 95.1% for the 15 oz. Therefore, the 8.5 oz 
geotextile performance was the most efficient – nearing 100% in both cases. 
 
 Table 4.2. Average Total Efficiency of different density geotextiles 
(after Walton) 
 
Geotextile Coupon Weight 5 oz. 8.5 oz. 15 oz. 
Average Residual Permittivity (sec-1) 1.2 0.7 0.4 
Average Capture (%) 5.4 9.9 6.5 
Average Total Efficiency (%) 90.4 97.1 93.7 
 
 
 
The results of the anthracite slurry experiments also confirmed that need for the sinuous 
channel geometric configuration with “relief gaps” provided to allow for the bypass of 
the “clogged” coupon in order to facilitate sequential loading of the succeeding coupons 
downstream. 
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Chapter 5. Analyzing the Behavior of a Geotextile Baffle Filtration System 
 
5.1 Background 
 
Both the physical space, and hydraulic head, available between an existing interceptor 
diversion chamber and the receiving water are often limited. In order to address this field 
constraint, a spreadsheet analysis was performed to model the hydraulic behavior of the 
baffles inside the containment vessel. The focus was on optimizing the internal geometry 
of the baffles to: 1, provide the highest possible filter area within the unit; 2, determine 
the influence of (and relationship between) the dimensions within the unit (such as the 
spacing between the baffles, and the baffle length to width of gaps) that will encourage 
short-circuiting of the waste stream flow through the baffles; and 3, minimize the 
hydraulic head loss through the channels, while promoting maximum flow through the 
system.  
 
The baffle configuration is shown on Figure 5.1, whereby an offset array, having a 
sinuous channel is proposed. Gaps are provided at the end of each baffle to act as relief 
valves for successive downstream filtration as the upstream baffle pore structure is 
occupied, and they also provide hydraulic control which promotes the flow through each 
baffle.  
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Figure 5.1. Baffle Configuration 
 
 The critical parameters that govern the flow through the vessel are shown on Figure 
5.2 below, where: 
 
gW = the width of the gap between the baffle and the inside wall of the containment 
vessel. 
bW = the width of the baffle (coupon width) 
cL = the length of the longest flow channel in the containment vessel 
cW = the inside width of the containment vessel (also defined as gw+bw) 
bL = the linear separation distance between each baffle coupon  
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Figure 5.2. Dimensional Parameters 
 
The optimal condition, shown in Figure 5.3, is one in which all flow through the system 
is normal to and completely through each baffle. 
 
Figure 5.3. Desired flow through baffles 
 
 
It is anticipated that, due to varying permittivity of the geotextiles (by manufacturer, and 
clogging during use), flow will also be diverted around the baffles and through the 
channels, as shown in Figure 5.4. 
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Figure 5.4. Flow through and around baffles 
 
 
Flow will be both along the tortuous channel as well as through the geotextile baffle, as 
shown in Figure 5.5. Flow through the baffle will depend on the head differential across 
the baffle from one channel to the next. 
 
 
Figure 5.5. Actual flow conditions through channels and baffles 
 
The basic goal is to have the combined sewage flow through a baffle at least once. In a 
“once-through” approach, if there are N=10 filters, each should treat 1/10th of the flow 
by short-circuiting between adjacent channels. However, not only does this filtered 
 113
volume mix downstream with the flow along the main bypass channel, but hydraulic 
control and upstream filter clogging may be present, and affect baffle pass-through.  
Thus, more baffles are actually required to assure that all suspended solids encounter a 
filter at least once. In order to provide a factor of 2 to accommodate incremental loading 
(and bypass) of successive baffles, 20 baffles will be used for the basic model. The head 
loss across the system is the sum of the headlosses in the main rectangular channel 
(ΣΔhc), friction head (hf), and in the constricting gaps at the end of the filters (ΣΔhg) 
(velocity head, the sum of v2/2g times both entrance and exit loss coefficients). Thus, the 
total end-to-end available head in a prototype is ΣΔhc + ΣΔhg.  
 
Korkut (2003) used the sinuous channel configuration for his experiments, which were 
conducted in a near quiescent flow environment. The gaps that were provided acted as 
bypasses to maintain flow through the system if the upstream filters clogged. However, 
when considering dynamic filtration (the subject of this dissertation), these gaps not only 
act as relief points, they also provide hydraulic control, and therefore serve to induce flow 
through the baffles. 
 
The flow through the baffles is determined by both their permittivity and the hydraulic 
head available from the upstream side to the downstream side of the baffle. Therefore, it 
is critical to provide a geometric baffle arrangement that will maximum the head loss 
occuring through the gap. If the flow requirements through the baffle (permittivity and 
head available) are more favorable than those through the gap (governed by (c)v2/2g), 
flow through the geotextile will occur. The amount of flow through each geotextile in 
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time will differ, based on permittivity available (a function of the geotextile index and 
degree of clogging), hydraulic head (provided by the increase in velocity head across the 
gap), and the rate of flow within the system.  The initial head available to drive flow 
through each filter is Δhb = (ΣΔhc + ΣΔhg)/N, although it is recognized that this value will 
not be a constant through each baffle because of the backwater effect in the channel 
which will increase the area of the gap, thereby reducing the velocity through the gap . 
The flow through the baffle is defined by Darcy’s Law: q = ψ x Δhb x area.  Hence, the 
quantity of flow able to pass through the filters depends equally on the cross-sectional 
area of the geotextile, the available head, and the permittivity.  
 
The practical maximum number of baffles for field implementation is also about 20. Even 
if there was initially a complete “once through” in the first 10 filters, during a CSO event, 
the permittivity in these lead filters would decrease over time as they became clogged. 
Thus, the filtration function would shift downstream as observed by Korkut (2003), see 
Figure 5.6 (for a quiescent condition). The hydraulic head required for more than 20 
baffles would not be available at most overflow sites. For example, the one dimensional 
permittivity tests described earlier used Δhb (single filter) values of 1/8 in, 1/4 in and 3/8  
per baffle. 
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Figure 5.6. Baffle Loading Sequence (after Korkut) 
 
 
5.2 Head Differential Analysis 
 
Since the driving force through the system will be the hydraulic head, it is important to 
identify and label points of interest through the baffle system (see Figure 5.7). This 
approach is useful in assessing the potential for flow through the baffles as they relate to 
head differential, and filtration potential.  
 
 
Figure 5.7. Head Differential Analysis 
 
 
To illustrate the derivation of head differential, one can review Figure 5.8, which 
considers the head at points A and G. There are two flow paths present from A to G. The 
first shows flow normal to the baffle, which travels directly through the baffle from point 
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A to point G. The second shows flow from point A, through point B and C, through the 
“gap” to point D, and finally, through points E and F to point G. The flow in longer path, 
ABCDEFG, is subjected to: headlosses due to friction from the channel bottom and 
sidewalls; an entrance loss due to the convergence of streamlines when entering the gap; 
and an exit loss coming out of the gap, due to divergence of the streamlines. The headloss 
from point A to point G is governed by Darcy’s equation.  
 
The applicable equations are as follows: 
coefficient = 0.037 (see Section 5.3 for derivation) 
 coefficient = 0.037 
arcy’s Equation:  Δh = Q/ψA, where: 
(T-1) 
a of channel (L2) 
Entrance loss = C (v2/2g)  
where: Cent = entrance loss 
Exit loss = C (v2/2g) 
where: Cex = exit loss
 
D
 Δh = head differential (L) 
 Q = flow (L3/T) 
 Ψ = permittivity 
 A = cross-sectional are
 
 117
 
Figure 5.8. Specific head differential consideration 
 
 
5.3 Spreadsheet Analysis 
 
A spreadsheet analysis was performed to define the geometric and hydraulic controls 
through the system, as shown in Figure 5.9. It was found that the gap width and baffle 
channel width were the most critical parameters. Additionally, a backwater analysis was 
performed to determine the energy grade line and upstream water surface elevation. As 
previously stated, the implementation of this filtration system depends upon its operation 
in low hydraulic head environments. For the analysis, the downstream free water surface 
(tailwater) elevation was set at 0.875 ft.  Manning’s roughness coefficient “n” was varied 
from 0.01 to 0.05, a composite value, since the sidewalls of the channel were geotextiles 
and the base of the channel was smooth. Additionally, entrance and exit loss coefficients 
were initially varied between 0.001 and 0.005 for the analysis (and later by orders of 
magnitude) and the resultant coefficients, based on corroboration with laboratory-
measured water surface elevations, were determined to be 0.37. 
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The spreadsheet was used to find the ratios cW/gW (channel width/gap width) and bL/gW 
(baffle length/gap width) that would force a minimum of 10% of the flow through each 
filter at a common value of geotextile permittivity (1.44 s-1). See Figure 5.2 for 
dimensional parameters. 
 
 Figures 5.13, 5.14, and 5.15 present the baffle and gap percent distribution for three flow 
conditions. Headlosses were determined to be excessive for velocities above 1.0 ft/s. 
Additionally, the channel should be constricted to approximately 85% (ratio of baffle 
length to containment vessel width) to induce flow through the baffles. The resulting ratio 
of baffle length to channel width (bW/cW) is about 3:1. This could be too high for field 
implementation to be volumetrically efficient in terms of filter area per cubic foot of 
vessel. For example, if the CSO flows at 30 ft3/s, then the required vessel cross-sectional 
area at 1ft/s is 50 ft2. A unit 5 ft deep and 10 ft wide would meet this requirement. With a 
gap being 1/13 of the filter width, each filter would be about 46ft2 (5’ x 9.2’). With a 
filter spacing bl= 9.2’/3 = 3.1’, and 20 baffles, the unit would be about 60’ long, requiring 
a total treatment vessel volume of 3000 cubic feet (22,400 gallons). A designer could thus 
evaluate if a baffle filter end-of-pipe unit could fit without backing up the system.  
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An additional consideration of the baffle analysis was to determine the total head drop 
through the system. The ultimate goal is to install the baffle systems at existing outfall 
sites with limited head available. Figure 5.11 shows the resultant water surface profile of 
the system for a velocity of 0.12 ft/s (laboratory flow rate of 4 gallons per minute). 
Figures 5.13 and 5.14 show the anticipated proportions of flow through each channel and 
baffle for the 0.24 ft/s and 0.49 ft/s conditions, respectively. 
 
 
 
Figure 5.10. Water Surface Profile for Q = 0.0089 ft3/s (4 gpm) 
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Figure 5.11.  Water Surface Profile for Q = 0.0178 ft3/s (8 gpm) 
 
 
Figure 5.12. Water Surface Profile for Q = 0.0356 ft3/s (16 gpm) 
 
The head gain was reviewed in respect to the number of baffles required to have at least 
100% of the flow pass through the baffles. There is no guarantee that the aggregate value 
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of flow passing through the baffles means that all of the effluent stream received 
treatment, but the 100% value was assessed in order to provide a baseline from which to 
begin the analysis. For example, Figure 5.13 shows flow distribution for a velocity of 
0.12 ft/s. The baffles receive 12% of the flow from each channel. Based on a requirement 
of filter contact with 200% of the waste stream, a 17 baffle sequence would meet this 
requirement. As previously noted, the higher the flow, the higher the baffle pass-through 
percentage. In the case of Figures 5.14 and 5.15, the flows were 0.24 ft/s, with 23% of the 
flow going through the baffle; and 0.49 ft/s, with an average of 42% flow through the 
baffle. Therefore, the required number of baffles for these flow conditions would be 9 for 
the former, and 5 for the latter. The low number of baffles required suggests that the 
system may be made even more compact for higher flow scenarios, and therefore, may be 
a feasible field application.  
 
 
Figure 5.13. Flow distribution for six baffles at 0.0089 cfs (4 gpm) 
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Figure 5.14. Flow distribution for six baffles at 0.0178 cfs (8 gpm) 
 
 
 
Figure 5.15. Flow distribution for six baffles at 0.0356 cfs (16 gpm) 
 
5.4 Summary 
 
An analysis of the geotextile baffle array was performed to determine the critical 
parameters that would yield the greatest treatment potential. A spreadsheet analysis was 
performed, which indicated that a wider baffle length, and narrow gap length would be 
required to optimize the system. Hydraulic head differential was examined to determine 
flow through the baffles, and it was determined that - during higher flow conditions, the 
velocity head drop across the gaps induce a higher percentage of flow through the baffles. 
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This is significant in that – if the system is installed in the field where higher flow 
conditions occur, the number of required baffles in the array may actually decrease, and 
therefore, the requirement for compact unit installation (where there is limited land area 
available) at the end-of-pipe can be met. Further optimization of the system is required, 
however, including scaled up laboratory testing to investigate the Manning’s “n” and exit 
and entrance loss coefficient values.   
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Chapter 6. Anthracite Scale-Up 
 
6.1 Scale-Up Testing Using Analog 
 
 As the investigation of geotextile suspended solids filtration capabilities 
continued, three alterations were made: 1. the geotextile cross-section area was increased 
by an approximate factor of 3 - from 6”x8” (0.33 square feet as tested in the 1-D 
permittivity tester) to a coupon having the equivalent area of 11”x13” (1.01 square feet); 
2. a pilot plant setup was constructed utilizing off-the-shelf 100 quart capacity coolers as 
containment vessels, which housed six (6) coupons forming a sinuous channel; and 3. 
The test runs performed utilized anthracite in two distinct particle size ranges.  
 
 Pilot plant coolers (100 quart capacity) were used to facilitate the testing of the 
anthracite slurry. The interior of the coolers had inside dimensions of a 13” width and a 
length of 33”. An offset baffle array was anchored inside the coolers through the use of 
¼” diameter aluminum rods, bent in a “C” shape, and the coupons were secured to the 
rods by looping the geotextile over the rods at the top and bottom. Final anchoring of the 
geotextile coupons and rods was provided through the use of “zip ties” (Figure 6.1).  
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Figure 6.1. Pilot Study Coolers with Test Coupons in Place 
(background shows level and point gage in place) 
 
 
A dual pump delivery system was used, whereby, one 1/16 horsepower pump provided 
the main supply, and a second pump (having the same rating) was utilized to maintain a 
constant head within the cooler (Figure 6.2). A diffuser was installed at the outlet end of 
the main supply hose to minimize turbulent conditions (Figure 6.3 shows the diffuser as 
well as the control valve for the second pump). Discharge from the coolers was 
controlled through a one-half inch diameter orifice. The average discharge rate for the 
dynamic (flow-through) runs was 4 gallons of water per minute. The geotextile coupons 
were subjected to a 72 hour pre-soak period prior to introduction of the anthracite 
sample(s). 
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Figure 6.2. Photo Showing Dual Pump System with Head Tank in Sink 
 
 
 
Figure 6.3. Photo Showing Diffuser and Valve at Ends of Influent Hose 
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Two manufactured anthracite particle size ranges were utilized for the experiments: 
#100-#200 U.S. sieve size, herein referred to as “suspended solids”; and <#200 U.S. 
sieve size, herein referred to as “colloidal”. A 20 gram sample of anthracite was 
introduced for each test run, and the duration of each experiment was 30 minutes to 
mimic a typical rainfall event. The cooler was allowed to drain completely at the end of 
the 30 minutes, and the coupons were allowed to air dry for several days. The dried 
coupons were then weighed, and the mass of anthracite that was captured by the coupon 
was recorded. The settled portion of the anthracite dose was also retrieved from the invert 
of the cooler, and was weighed and recorded for each run.  
 
6.2 Results of Analog Testing 
 
The flow velocity through the system was 0.12 feet per second in the channels, and 
approximately one foot per second through the gaps. Although the velocity in the 
channels is more suited to a settling basin application, flow normal to (and through) the 
baffles did occur – as was evidenced by the mass captured (see Table 6.1). In fact, the 
anthracite embedment of 26.1% for the ½” gap run is consistent with the spreadsheet 
model, whereby an array of approximately 20 baffles was estimated for 100% contact of 
effluent with the geotextiles. Therefore, it can be inferred that this system may have 
provide effective application in low velocity conditions. 
 
A review of Table 6.1 also reveals that, under low velocity conditions, the gap required to 
induce flow through the baffles is more restricted. The hydraulic analysis described in 
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Chapter 5 found that the optimal gap size for a velocity of one foot per second is one 
inch. At higher velocities, the head drop across the geotextile can develop, whereas, at 
low velocities, the gap acts not as a relief point, but as the point of least resistance. 
Therefore, under lower velocities, as seen in the coolers, a greater ratio of the total flow 
through the system will exit through the gap. It is also evident that the colloidal sample 
capture was not effective at low velocity flow, most likely due to bypass through the gap. 
 
Table 6.1.  Summary of Mass Results 
Run # Date Gap 
Width 
(in.) 
Mass 
in  
(g) 
Mass 
retained 
 in  six  
baffles 
(g)  
Percent 
captured 
on filters 
Mass 
 Settled 
(g) 
Particle 
Size 
(U.S. 
Sieve) 
1 1-16-06 1/2” 20.00 5.22 26.1%  7.89 #100-#200 
2 1-16-06 1/2” 20.00 2.24 11.2% 2.08 <#200  
3 1-10-06 1” 20.00 2.52 12.6% 11.27 #100-#200
4 1-10-06 1” 20.00 0.82 4.1%    3.27 <#200  
 
 
 
As can be seen in Table 6.1, the decrease of gap width from 1” in the January 10th run to 
½” in the January 16th run resulted in a greater head loss across the baffle, thereby 
inducing more flow through baffle. This is evident in the increase in capture greater than 
100% of particles in the #100-#200 sieve size range, and greater than 170% increase in 
capture of powdered material that was smaller than the #200 sieve size. Capture occurred 
primarily in the upstream baffles for all runs, with the exception of the ½” #100-#200 
run, where it was more uniformly distributed. Mass and percentage captured per baffle 
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are presented in Table 6.2, and consistently indicate that “front-loading” of the system 
occurred. It is expected that a higher flow rate in the system would produce more capture 
downstream, as alluded to in Chapter 5. 
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Table 6.2. Anthracite capture per baffle 
 
Date of Run GT 
Array 
Baffle 
No. 
Mass 
Capture 
(g) 
% 
Capture 
Total 
Mass  
Capture 
(g) 
Total  
Mass 
In 
Waste-
stream 
(g) 
Total % 
Capture 
for Run 
        
1-10-06 8.5 oz 6 1.89 9.45    
Anthracite Run  5 0.47 2.35    
(#100-#200)  4 0.09 0.45    
1” gap  3 0 0    
  2 0.05 0.25    
DOWNSTREAM END 1 0.02 0.10    
      2.52 20.00 12.60 
        
1-10-06 8.5 oz 6 0.57 2.85    
Anthracite Run  5 0.18 0.90    
(Powder)  4 0 0    
1” gap  3 0.06 0.30    
  2 0 0    
DOWNSTREAM END 1 0.01 0.05    
      0.82 20.00   4.10 
        
1-16-06 8.5 oz 6 2.74 13.70    
Anthracite Run  5 0.78 3.90    
(#100-#200)  4 0.89 4.45    
½” gap  3 0.51 2.55    
  2 0.11 0.55    
DOWNSTREAM END 1 0.19 0.95    
      5.22  20.00  26.10 
        
1-16-06 8.5 oz 6 1.39 6.95    
Anthracite Run  5 0.74 3.70    
(Powder)  4 0.02 0.10    
½” gap  3 0.08 0.40    
  2 0 0    
DOWNSTREAM END 1 0.01 0.05    
     2.24 20.00 11.20 
Figure 6.4 presents the anthracite capture data in graphic form. 
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Figure 6.4. Anthracite Capture Results 
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Chapter 7. Combined Sewer Overflow Capture 
 
7.1 Laboratory Testing 
 
The 100 quart capacity cooler containment vessel pilot plant setup was continued, with 
test runs performed with actual wastewater obtained from the Philadelphia Water 
Department (PWD) Northeast Water Control Pollution Facility (NEWPCF) (Figures 7.1 
and 7.2), at a point in their treatment plant process line - after initial effluent screening.  
Samples were then transported to the Drexel Laboratory in 7.5 gallon containers (Figure 
7.3).  
  
 
Figure 7.1. PWD Treatment Plant 
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Figure 7.2. Treatment Plant Grit Chamber (Sample Point) 
 
 
Figure 7.3. Transporting wastewater sample to Drexel Lab 
 
 
Pilot plant coolers (100 quart capacity) were set up ahead of time in the Drexel lab to 
facilitate the testing of the wastewater. The interior of the coolers had dimensions of 13” 
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width at the top, and 33” in length. An offset baffle array was anchored inside the coolers 
through the use of ¼” diameter aluminum rods, bent in a “C” shape, and the coupons 
were secured to the rods by looping the geotextile over the rods at the top and bottom. 
Final anchoring of the geotextile coupons and rods was provided through the use of “zip 
ties” (Figure 7.4). 
 
 
 
Figure 7.4. Pilot Study Coolers with Test Coupons in place 
 
 
Prior to running the wastewater sample, the geotextiles were subjected to a presoak 
period, where tap water was introduced into the coolers (Figures 7.5 and 7.6). The 
purpose of the presoak was threefold. First, as in the ASTM AOS test procedure, the 
geotextile is inundated with water in order to displace air that may be resident in the 
internal pore structure, and may impede the liquid flow through the geotextile; Second, 
also as in the ASTM AOS test procedure, the water acts as a lubricant for the initial 
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wastewater flow, thereby reducing friction through the coupon, and allowing an 
assessment of the filtration behavior of the geotextile during saturation; and Third, the 
area of the coupon that has contact with the presoak water would be the same area that 
has contact with the wastewater that will be introduced. Therefore, the wastewater would 
have immediate contact with the entire cross-sectional area of the geotextile – whereas, if 
the cooler was empty when the influent flow began, the geotextile would not be loaded 
equally until the water level rose to encompass the desired area of the coupon. 
 
 
 
Figure 7.5. Filling cooler for presoak prior to introduction of wastewater sample 
 
 
  137
 
 
 
 
Figure 7.6. Filling cooler for presoak prior to introduction of wastewater sample 
 
 
The wastewater sample was then transferred into coolers, which provided the function of 
“supply reservoirs” for pumping into the “test cooler/ pilot plant” (Figure 7.7). Pumps 
having 1/16 horsepower were to be utilized to transfer the effluent sample to a “head 
tank”, which was to be located at an elevation higher than the test vessel (Figure 7.8). 
This method of sample delivery had two flaws: 1. The ceiling height in the laboratory 
was limited, therefore, the head available was constrained; and, 2. The head tank required 
a mechanism of flow control (outflow valve) to allow the researcher to meter (or 
discontinue) the supply from the head tank to the pilot cooler (Figure 7.9).  It was 
found during test runs that the valve (even when fully open) constricted the outflow from 
the head tank to such a degree that the liquid level in the pilot cooler could not be 
sustained. Therefore, the “head tank method” was considered to be not feasible for this 
application.     
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Figure 7.7. Filling supply reservoirs for pumping of wastewater sample 
 to pilot plant cooler 
 
 
 
Figure 7.8. Pumping of wastewater sample to head tank 
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Figure 7.9. Head Tank Sample Delivery System 
 
 
The method of sample delivery was then revised to utilizing a dual pump system directly 
into the pilot cooler, whereby, one 1/16 horsepower pump, having an average delivery 
rate of five gallons per minute, would be used as the supply, and the second pump 
(having the same ratings) would be utilized as a backup if the first pump had a clog, or a 
temporarily slower delivery rate (Figure 7.10). It was found that the average sample 
volume for a dynamic (flow-through) after run was actually 4 gallons of waste water per 
minute. 
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Figure 7.10. Pumping of wastewater sample into pilot plant cooler 
(supply line on left side, discharge on right side) 
 
 
 
Figure 7.11. Overhead view of wastewater run of transverse coupon configuration 
(supply is on left side, discharge is on right side) 
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Figure 7.12. Overhead view of longitudinal coupon configuration 
(supply provided at lower left corner, at upper right corner) 
 
 
 
Figure 7.13. Overhead view of wastewater run of longitudinal coupon configuration 
                        (supply at lower left corner, discharge at upper right corner) 
 
 
Wastewater was sampled both prior to, and after, the laboratory runs to determine 
effluent suspended solid concentrations. Vacuum filtration was performed in accordance 
  142
 
 
 
with the American Public Health Association and American Water Works Association 
“Standard Methods for the Examination of Water and Wastewater”. Figure 7.14 shows 
the components of the system.  
 
 
 
Figure 7.14. Vacuum filtration setup 
(with desiccator on left) 
 
 
7.2 Results of Wastewater Testing 
 
Wastewater capture results are presented in Figure 7.15. As shown, the 15 oz/sy array 
underperformed all of the others. The second lowest performer was the longitudinal 
array, which consisted of two offset baffles which extended 32” along the long axis of the 
pilot coolers. Although the capture was low for this array, due to the long flow path, 
sedimentation in the channels was high.  
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Table 7.1. Summary of Wastewater Solids Capture 
Run # Inflow 
Conc. 
(mg/l) 
Mass 
In  
(g) 
Mass 
retained in 
 six baffles 
Percent 
captured 
on filters 
Geotextile type, test 
conditions 
 
1 173 10.48 2.51 26% Mix 5 & 8.5 oz (static) 
2 173 34.44 9.81 29% 8.5 oz  (dynamic) 
3 120 10.18 3.15 31%  8.5 oz (dynamic) 
4 233 36.14 16.17 45% 8.5 oz (dynamic) 
5 193 29.94 6.89 23% Mix 8.5 & 15 oz (dynamic) 
 
6 180 27.88 8.26 30% 8.5 oz  (dynamic) 
7 147 22.71 2.24 10% 15 oz (dynamic) 
8 126 19.62 2.87 15% 8.5 oz (dynamic) 
9 127 19.62 0.63 3% 8.5 oz longitudinal* 
(dynamic) 
 
* while the capture in the geotextile was low, the sedimentation in the channels was high. 
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Table 7.2. Dynamic Capture Results 
 
 
Date of Run GT 
Array 
Baffle 
No. 
Mass 
 
 
Table 7.2. Dynamic Capture Results (con’t.) 
Capture
(g) 
% 
Capture
Total 
Mass  
Capture
(g) 
Total 
Mass 
In 
Waste-
stream 
(g) 
Total % 
Capture 
for Run 
4-29-05 8.5 oz 6 7.01 20.35    
  5 0.53 1.54    
  4 0.24 0.70    
  3 0.30 0.87    
  2 0.27 0.78    
DOWNSTREAM  END 1 1.46 4.24    
     9.81 34.44 28.48 
        
5-13-05 8.5 oz 6 4.61 12.76    
  5 2.96 8.19    
  4 2.50 6.92    
  3 1.56 4.31    
  2 1.04 2.88    
DOWNSTREAM  END 1 3.50 9.68    
     16.17 36.14 44.74 
        
5-13-05 8.5 
oz/ 
6 2.78 9.29    
 15 oz 5 1.44 4.81    
  4 1.17 3.91    
  3 0.61 2.04    
  2 0.45 1.50    
DOWNSTREAM  END 1 0.44 1.47    
      6.89 29.94 23.01 
        
5-25-05 8.5 oz 6 1.01 3.62    
  5 6.90 24.75    
  4 0.56 2.00    
  3 0.34 1.22    
  2 0.20 0.72    
DOWNSTREAM  END 1 3.88 13.92    
      12.89 27.88 46.23 
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Date of Run GT 
Array 
Baffle 
No. 
Mass 
Capture 
(g) 
% 
Capture 
Total 
Mass  
Capture 
(g) 
Total 
Mass 
In 
Waste-
stream 
(g) 
Total % 
Capture 
for Run 
5-25-05 15 oz 6 0.79 3.48    
  5 0.41 1.81    
  4 0.31 1.37    
  3 0.34 1.50    
  2 0.10 0.44    
DOWNSTREAM  END 1 0.29 1.28    
      2.24 22.71 9.86 
        
6-29-05 8.5 oz 6 0.86 4.38    
  5 0.84 4.28    
  4 0.42 2.14    
  3 0.35 1.78    
  2 0.22 1.12    
DOWNSTREAM  END 1 0.18 0.92    
     2.87 19.62 14.63 
        
6-29-05 8.5 oz 6 0.47 2.40    
Longitudinal   5 0.16 0.82    
Run  4      
  3      
  2      
DOWNSTREAM END 1      
     0.63 19.62 3.21 
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Figure 7.15. Plotting Of Wastewater Capture 
 
 
In an effort to provide a correlation between the actual wastewater and the anthracite 
analog, the average wastewater capture was plotted against the anthracite capture (see 
Figure 7.16). The wastewater runs were all made with a 1” gap at the end of the baffle, 
and their capture results exceeded those of the anthracite run with the 1” gap, as 
expected. Due to the stickiness of the wastewater, as opposed to the hardness of the 
anthracite, floc aggregation was allowed to occur in the geotextile. 
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Figure 7.16. Plotting of Average Wastewater Capture on the Anthracite Results 
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Chapter 8. Summary 
 
 
 
 
Combined sewers were appropriate at the time of their construction, and still function in 
limiting the impact of urban runoff on waterways. However, combined sewer overflow 
(CSOs) are now the main source of degradation of urban water quality, particularly in 
meeting the goals of fishability and swimmability. Addressing CSO problems with 
solutions now available requires billions of dollars, hence the intent of this investigation 
was to expand the range of viable solutions. In reviewing the history and operation of 
combined sewer networks, it was found that the overflow constituents of most concern 
are the suspended and colloidal solids which have three effects: aesthetics, carriers of 
microorganisms, and part of the biochemical oxygen demand.  Predicting solids 
concentrations and physical characteristics. e.g., size distribution, is difficult due to the 
complex and variable hydraulic and biological processes occurring in collection pipes. 
Thus a filter-type solution is indicated. The study also focused on local tributaries, often 
the main feature of parks, and thus particularly valued by the public It was found that 
existing solutions to limit CSO impact might not be physically feasible. Hence, the 
investigation focused on developing an end-of-pipe treatment system that removes 
suspended and colloidal solids, and could be retrofitted into a CSO on a tributary.  
 
The end-of-pipe treatment system uses nonwoven staple fiber needle-punched geotextiles 
as a filter medium. To assure contact between the influent and the filters, yet prevent 
excessive head loss in a compact subsurface vessel, the filters were arrayed as baffles in a 
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sinuous pattern. This is an adaptation of a method developed previously (Korkut, 2003) 
to support growth of biomass which treats dissolved organic constituents in clarified 
wastewater. Essentially, this present study extended this work “upstream” to clarify the 
water, and to be “dynamic” with a much more rapid flow, without significant loss of 
hydraulic head. The “off-the-shelf” geotextile products that were used for this research 
were manufactured for similar, but not identical applications such as soil filters that 
protect subsurface drains. Hence, the research necessarily required basic characterization 
of the materials, ranging from confirmation of manufacturer’s reported index data, to the 
use of prototypes to measure material performance in this new application.  
 
The variability of fiber distribution in the off-the-shelf products was first noted. An areal 
density investigation showed that the placement of the staple fiber needle-punched 
geotextile fibers is random, and this generated a concern for the impact of this non-
uniformity on the critical parameters of the material. Causes of the variability of the 
material may be attributed to variations in the manufacturing process, such as: 1. The 
blown process of applying staple fibers to the conveyor is geared toward applying a mass 
per unit area only, and therefore, uniformity of application, although desired, is not 
strictly specified; 2. The speed of the conveyor belts can vary; and 3. The fiber density 
may be variable from one manufacturer to the next – affecting permittivity and porosity.  
A fabric with a larger fiber diameter (denier) would have more pore space, and therefore, 
larger pore channels. 
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The critical parameters of geotextile performance were investigated: permittivity; 
apparent opening size (AOS); and porosity, as well as the behavior of the material under 
applied conditions. Initially, 3 inch diameter permeameters were employed to investigate 
the reported AOS versus actual. Subsequently, a permittivity testing apparatus was 
constructed, and was used to determine the permittivity and capture behavior of the 
candidate geotextiles. Anthracite coal was used in the initial and permittivity tester 
experiments as a sanitary waste analog, and capture, rejection, and pass-through were 
recorded for each coupon. The 8.5 oz/sy and 15 oz/sy geotextiles exhibited the most 
accurate permittivities (actual vs. reported). The permittivities obtained for the 5 oz/sy 
geotextiles were in excess of that reported by the manufacturer – probably due to the 
critical effect of individual fiber placement, since the 5 oz fabric is so thin (60 mils)  that 
one fiber misalignment can result in the creation of a through pore channel. All 
candidates investigated exceed the manufacturer’s reported areal density (mass per unit 
area) values. 
 
Of all three geotextiles, the 8.5 oz/sy candidate performed the best by utilizing a 
combination of particle capture and particle rejection. The 5 oz/sy candidate was 
unreliable due to the critical nature of fiber distribution in relation to capture potential 
(fabric thickness is too small) and variation in permittivity. The 15 oz/ sy candidate had 
less particle capture, and its permittivity was one-half that of the 8.5 oz candidate. 
Therefore, the 15 oz would allow half the flow rate of the 8.5 oz, meaning that twice the 
geotextile filter area would be required to treat the same flow as the 8.5 oz. In geographic 
areas where this end-of-pipe treatment would be implemented, land area is limited, and 
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the treatment units would require a compact design, therefore, the object would be to 
minimize the “footprint” of the treatment unit. 
 
In order to understand the behavior of the filter baffle array, a hydraulic analysis of the 
system was performed on a spreadsheet, along with laboratory confirmation testing using 
zero concentration liquid (water). The analyses indicated that the primary hydraulic 
control of the system is the relief gaps located at the end of the baffles, because they 
induce the flow across the geotextile baffles by providing the hydraulic gradient normal 
to the baffle. This gradient is established through the velocity head obtained through the 
gap. 
 
A scale up pilot test was performed in the laboratory to correlate the spreadsheet results, 
and determine Manning’s “n”, and the entrance and exit loss coefficients for the gaps. 
The data obtained allowed the researcher to discretize flow-through percentages through 
and around the baffles in the system under various flow rates. It was found that under 
higher flow rates in the system, the baffles would experience a higher flow-through 
percentage of the waste stream. This finding is significant when considering the 
requirement for the waste stream to achieve at least a 100% contact with the baffle 
system array for treatment.  
 
An anthracite slurry was run through the pilot plant baffles as a baseline, since it is a hard 
substance, and not as sticky or malleable as waste water. Subsequent filtration with waste 
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water resulted in capture in excess of the anthracite trials, suggesting that the baseline 
theory may be valid. 
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Chapter 9. Conclusions, Needs for Future Research 
 
 
 
 
9.1 Conclusions 
 
The geotextile baffle system performed well with off-the-shelf products - providing 
solids captures ranging from 23% to 46% using only a six baffle array. It is envisioned 
that a field application would require 20 baffles in series to provide both: filter contact for 
100% of the waste stream; and a life cycle of the system that would require minimal 
maintenance/ replacement of the filters. It is noted that the capture values obtained for the 
solids do not include solids that were removed from the effluent by cake filtration and 
sloughing. Therefore, the total filtration efficiencies performed by the system were much 
higher than the capture values reported alone. Studies performed in Chapter 4 predicted 
that the cake filtration and sloughing would play a major role in the filtration function of 
the system. 
 
9.2 Needs for Future Research 
 
Optimization of the system will require further investigation of specified geotextile fabric 
geometry, fiber diameter (denier), and perhaps a combination of geotextile products 
placed either in series in the array, conjoined to act as a single filter baffle. Additionally, 
several research opportunities are available to optimize the filtration system, which 
include the further characterization of components outside the system as well.  
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These research opportunities are noted as follows: 
 
• Expand the data base of suspended solids size ranges by direct measure at 
outfalls, with descriptions of the system leading to them, and study of the effects 
of dry weather interval and storm patterns on the detected results, perhaps also 
studying the rate of accumulation of sludge on pipe inverts and the relationship to 
discharge over time. 
• With the range of particle sizes more defined, re-visit the effect of both AOS and 
PSD on the capture efficiency. 
• Study the change in headloss through the baffle array as a function of solids 
accumulation as embedment increases (sequential loading).  
• Optimize the gap and channel width sizes to reduce headloss while still forcing 
filter permeation. This phase would require a scaled-up version of the cooler tests, 
with a 1000 gallon supply tank. Water surface elevation readings should be taken 
in the channels, and either side of the gaps to determine the entrance and exit loss 
coefficients and Manning’s “n” of the system. This procedure was attempted in 
the laboratory, however, the low flow (4 gpm, or 0.0089 cfs) resulted in a minimal 
head loss across the entire system, and therefore, discretization of head losses at 
intermediate points was not feasible.   
• Optimize biodegradation, including determination of whether the crusted baffles 
should be immersed or suspended over a “wicking” pool. 
• Study the effect of pretreatment on mixed inorganic/organic suspensions 
• Bring the system to failure through the use of a continuous flow/ loading test. 
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• Study the retention time of water in the baffles. The exhumed 15 oz coupons were 
noted as retaining moisture after one week. Can this moisture content be used as 
an advantage to keep the biomass in the filters alive between wet weather events?  
• Investigation the use of bacteriacidal fibers being developed to aid in post-
filtration treatment. 
• Determine the steady state permittivities of the geotextiles. If the fiber diameter 
(denier) is increased, the fabric mat would become stiffer, and less susceptible to 
individual fiber movement (translation).   
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Appendix A. SI Geosolutions Data Sheets 
 
 
 
SI Geotex 601 (5 oz/sy) 
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SI Geotex 1001 (8.5 oz/sy) 
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SI Geotex 1601 (15 oz/sy) 
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Appendix B. Areal Density Investigation Results 
 
 
 
MACHINE DIRECTION ONLY 
5 oz/sy Geotextile (coupons 1-24, 44-67) 
 
Min. = 5.09  Max. = 7.98  Mean = 6.30    
Median= 6.31  Mode = 6.38  Std. 
Dev.= 
0.57  Variance= 0.33 
 
 
 
CROSS-PLANE DIRECTION ONLY 
5 oz/sy Geotextile (coupons 25-43, 68-86) 
 
Min. = 5.44  Max. = 7.90  Mean = 6.23    
Median= 6.15  Mode = 6.02  Std. 
Dev.= 
0.54  Variance= 0.29 
 
 
 
MACHINE AND CROSS-PLANE LEFT SIDE ONLY 
5 oz/sy Geotextile (coupons 1-8, 25-30, 44-51, 68-73) 
 
Min. = 5.71  Max. = 7.98  Mean = 6.41    
Median= 6.27  Mode = 6.02  Std. 
Dev.= 
0.64  Variance= 0.41 
 
 
 
MACHINE AND CROSS-PLANE CENTER ONLY 
5 oz/sy Geotextile (coupons 9-16, 31-37, 52-59, 74-80) 
 
Min. = 5.09  Max. = 7.13  Mean = 6.08    
Median= 6.10  Mode = 6.38  Std. 
Dev.= 
0.42  Variance= 0.18 
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MACHINE AND CROSS-PLANE RIGHT SIDE ONLY 
5 oz/sy Geotextile (coupons 17-24, 38-43, 60-67, 81-86) 
 
Min. = 5.43  Max. = 7.74  Mean = 6.33    
Median= 6.32  Mode = 6.53  Std. 
Dev.= 
0.54  Variance= 0.30 
 
 
 
MACHINE DIRECTION LEFT SIDE ONLY 
5 oz/sy Geotextile (coupons 1-8, 44-51) 
 
Min. = 5.86  Max. = 7.98  Mean = 6.47    
Median= 6.39  Mode = N/A  Std. 
Dev.= 
0.61  Variance= 0.38 
 
 
 
MACHINE DIRECTION CENTER ONLY 
5 oz/sy Geotextile (coupons 9-16, 52-59) 
 
Min. = 5.09  Max. = 6.64  Mean = 6.01    
Median= 6.10  Mode = 6.10  Std. 
Dev.= 
0.44  Variance= 0.19 
 
 
 
MACHINE DIRECTION RIGHT SIDE ONLY 
5 oz/sy Geotextile (coupons 17-24, 60-67) 
 
Min. = 5.43  Max. = 7.74  Mean = 6.40    
Median= 6.41  Mode = 6.53  Std. 
Dev.= 
0.56  Variance= 0.32 
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CROSS-PLANE DIRECTION LEFT SIDE ONLY 
5 oz/sy Geotextile (coupons 25-30, 68-73) 
 
Min. = 5.71  Max. = 7.90  Mean = 6.33    
Median= 6.02  Mode = 6.02  Std. 
Dev.= 
0.70  Variance= 0.49 
 
 
 
CROSS-PLANE DIRECTION CENTER ONLY 
5 oz/sy Geotextile (coupons 31-37, 74-80) 
 
Min. = 5.57  Max. = 7.13  Mean = 6.15    
Median= 6.11  Mode = 6.38  Std. 
Dev.= 
0.40  Variance= 0.16 
 
 
 
CROSS-PLANE DIRECTION RIGHT SIDE ONLY 
5 oz/sy Geotextile (coupons 38-43, 81-86) 
 
Min. = 5.44  Max. = 7.44  Mean = 6.23    
Median= 6.28  Mode = 6.38  Std. 
Dev.= 
0.52  Variance= 0.28 
 
 
 
MACHINE DIRECTION ONLY 
8.5 oz/sy Geotextile (coupons 1-24, 44-67) 
 
Min. = 9.37  Max. = 11.74  Mean = 10.50    
Median= 9.84  Mode = 9.95  Std. 
Dev.= 
0.49  Variance= 0.24 
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CROSS-PLANE DIRECTION ONLY 
8.5 oz/sy Geotextile (coupons 25-43, 68-86) 
 
Min. = 9.30  Max. = 12.00  Mean = 10.36    
Median= 9.59  Mode = 9.38  Std. 
Dev.= 
0.55  Variance= 0.30 
 
 
 
MACHINE AND CROSS-PLANE LEFT SIDE ONLY 
8.5 oz/sy Geotextile (coupons 1-8, 25-30, 44-51, 68-73) 
 
Min. = 9.72  Max. = 12.00  Mean = 10.67    
Median= 9.77  Mode = 9.38  Std. 
Dev.= 
0.59  Variance= 0.35 
 
 
 
MACHINE AND CROSS-PLANE CENTER ONLY 
8.5 oz/sy Geotextile (coupons 9-16, 31-37, 52-59, 74-80) 
 
Min. = 9.62  Max. = 11.20  Mean = 10.36    
Median= 9.51  Mode = 9.95  Std. 
Dev.= 
0.40  Variance= 0.16 
 
 
 
MACHINE AND CROSS-PLANE RIGHT SIDE ONLY 
8.5 oz/sy Geotextile (coupons 17-24, 38-43, 60-67, 81-86) 
Min. = 9.30  Max. = 11.36  Mean = 10.28    
Median= 9.85  Mode = 10.17  Std. 
Dev.= 
0.49  Variance= 0.24 
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MACHINE DIRECTION LEFT SIDE ONLY 
8.5 oz/sy Geotextile (coupons 1-8, 44-51) 
 
Min. = 9.72  Max. = 11.74  Mean = 10.62    
Median= 9.96  Mode = N/A  Std. 
Dev.= 
0.57  Variance= 0.33 
 
 
 
MACHINE DIRECTION CENTER ONLY 
8.5 oz/sy Geotextile (coupons 9-16, 52-59) 
 
Min. = 9.88  Max. = 11.20  Mean = 10.43    
Median= 9.51  Mode = 9.51  Std. 
Dev.= 
0.35  Variance= 0.12 
 
 
 
MACHINE DIRECTION RIGHT SIDE ONLY 
8.5 oz/sy Geotextile (coupons 17-24, 60-67) 
 
Min. = 9.37  Max. = 11.36  Mean = 10.45    
Median= 9.99  Mode = 10.17  Std. 
Dev.= 
0.52  Variance= 0.27 
 
 
 
CROSS-PLANE DIRECTION LEFT SIDE ONLY 
8.5 oz/sy Geotextile (coupons 25-30, 68-73) 
 
Min. = 9.88  Max. = 12.00  Mean = 10.75    
Median= 9.38  Mode = 9.38  Std. 
Dev.= 
0.63  Variance= 0.40 
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CROSS-PLANE DIRECTION CENTER ONLY 
8.5 oz/sy Geotextile (coupons 31-37, 74-80) 
 
Min. = 9.62  Max. = 11.04  Mean = 10.29    
Median= 9.52  Mode = 9.95  Std. 
Dev.= 
0.45  Variance= 0.20 
 
 
 
CROSS-PLANE DIRECTION RIGHT SIDE ONLY 
8.5 oz/sy  Geotextile (coupons 38-43, 81-86) 
 
Min. = 9.30  Max. = 10.46  Mean = 10.06    
Median= 9.79  Mode = 9.94  Std. 
Dev.= 
0.34  Variance= 0.12 
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Appendix C. Permittivity Tester Specifications 
 
 
 
 
 
(all 
Plexiglas 
3/4” 
Thick) 
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